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FOREWORD 

This  r e p o r t  was prepared by the AiResearch Manufactur ing D i v i s i o n  o f  
The G a r r e t t  Corporation, Los Angeles, Cal i f o r n i a ,  t o  summarize and r e p o r t  the  
f i n d i n g s  o f  Task B-3 o f  Phase I B ,  “Regenerative C O z  Removal &D,” o f  Contract  
NAS 9-354 I 

The program was sponsored by the  Nat iona l  Aeronaut ics  and Space Admin is t ra-  
t i on ,  Manned Spacecraf t  Center, Houston, TeFas, and was moni tored by M r .  W i  I b e r t  
E l l i s  o f  the Crew Systems D iv i s ion .  

The study and research work was performed by AiResearch under the  d i r e c t i o n  
of  J. P. Byrne, Program Manager. 
S. Steinberg, J. Li t tman, and R. Haug; and a n a l y t i c a l  i n v e s t i g a t i o n s  by 
P.  Fukunaga and D r .  K. C. Hwang o f  AiResearch and D r s .  J. Winnick, S. Davis, 
and L.  Del 1’Osso of NASA. 

Experimental Studies were conducted by 

AIRESEARCH MANUFACTURING DIVISION 
LW Anider. Cal~lornm 67- 175 I 



I 
I .J 

r: CONTENTS 

f " 
f _ .  Sect ion 

I 

2 

3 

4 

5 

INTRODUCTION 

SUMMARY AND CONCLUSIONS 

BIBLIOGRAPHICAL REVIEW OF SORPENT TECHNOLOGY 

Resume of L i t e r a t u r e  

Bib1 iography 

FUNDAMENTAL B A S I S  OF THERMODYNAMICS AND KINETICS 
FOR FIXED BED SORPTION PROCESSES 

I n t r o d u c t i o n  

Bas i c Phenomena 

Adsorp t ion  Step 

Thermodynamics of Adsorpt ion 

Surface K i n e t i c s  and E q u i l i b r i u m  
( Isotherms)  

C hem i s o r p t i on 

Phys i ca 1 Adsorp t ion  

Analyses of Adsorp t ion  Bed Dynamics 

Mass Balances 

In terphase Mass Trans fer  

Remainder of In terphase and Granular 
P a r t i c l e  Mass Trans fer  Ana lys is  

General A n a l y t i c  So lu t i on  f o r  
Isothermal  Sorp t ion  

Nome n c 1 a t u  r e  

BASIC LABORATORY STUDIES 

APPa 

Equ i 

atus  and Exper imental  Technique 

Equi 1 i b r i um Isotherms 

Adsorp t ion  

Desorp t ion  

i b r i um Isotherms 

Carbon Diox ide Adsorp t ion  on 
Molecular  Sieves 

AIRESEARCH MANUFACTURING DlVlSlON 
Lo: Anpks. Calltornla 

Page, . 

I- I 

2- I 

3- I 

3- I 
3- 4 

4 -  I 

4- I 

4-  I 
4 - 3  

4 - 4  

4 - 6  

4-8 

4 - 9  

4 -  90 

4 -  10 

4 -  13 

4-  I4 

4 -  23 

4 -  24 

5- I 

5 -  I 

5- I 

5-4 

5-1 I 

5- 16 
5- 16 

67- 175 I 
Page i 



I-: CONTENTS ( Con t i nued) 

.-. 

I, 

II 

r " a e 1 

a 

i: 

Sect i on  

6 

Water Adsorp t ion  on Molecular  Sieve 

E f f e c t  o f  Residual Water on Carbon 
D iox ide  Capaci ty o f  Molecular  Sieve 

Water Vapor Adsorp t ion  on S i 1  i ca  Gel 

D i f f e r e n t i a l  Heat o f  Adsorp t ion  

Dynamic Adsorp t ion  Studies 

Carbon Diox ide Adsorp t ion  on 
Molecu la r  Sieves 

Water Vapor Adsorp t ion  on S i 1  i c a  Gel 

Dynamic Desorpt ion Studies 

Scope 

Pre l im ina ry  Runs 

Determinat ion o f  Contro l  1 i ng  Step 

Carbon Diox ide Vacuum Desorpt ion 
from Molecular  Sieve 

Water Vapor Vacuum Eesorpt ion f rom 
S i 1  i ca  Gel 

Water Vapor Vacuum Desorpt ion from 
Molecular  Sieve 

Discuss ion  o f  Test Resul ts  

Ref e rence s 

PROTOTYPE EXPERIMENTAL TEST PROGRAM 

I n t r o d u c t i o n  

Pa qe 

5- 19 

5- 25 

5-25 

5- 29 

5-3 I 
5-3 I 

5-36 . 

5-39 

5- 39 

5- 39 

5-48 
5-48 

5-5 I 

5-54 

5-54 

5- 58 

6- I 

6- I 
Water Vapor on S i 1  ica Gel 6- I 

Purpose 6- I 

Techn i que 6- I 

Test  Resu 1 t s  

Discuss ion o f  Test Resul ts  

Co2 and Water Vapor on Molecular  Sieve 

Purpose 

Techn ;.que 

Tes t Resu 1 t s  

Ca lcu la t i ons  and Water Poisoning 

AlRtSEARCH MANUTACTURING DIVISION 
LO% Anycler. Calilamia 

6-6 

6- 6 
6- I 5  

6- I5  

6- 15 

6- I5 

6- 20 

67- I75 I 
Page i i  



I 

CONTENTS (Con t i nued) 

Sect ion  

7 

Discuss ion o f  Test  Resul ts  

DIGITAL COMPUTER PREDICTION DEVELOPMENT 

I n t r o d u c t i o n  

Mat hema t i ca 1 Mode 1 

General Assumptions Made 

D i f f e r e n t  i a 1 $4 ua t i ons Des c r i b i ng 
T rans ien t  Behavior o f  an Adsorbing 
Bed System 

Program Desc r ip t i on  

Main Program 

MADSOR (S9970)  

STARTA (S9978)  

ADSORB ( 5997 I ) 

TSORBA (S9977)  

TGLCOL (S9987)  

HXCORE (S999 I ) 

GASTA (S9970)  

PRADSB (59979)  

MDESOR (S9980)  

START (S9988) 

PRDESB (S9989) 

DESORB (S9933) 

TSORB (S9997)  

GAST (59986)  

PKEQ (S9992) 

IFN (S9981) 

FDEQIM (S9984) 

FDEQID (S9985)  

LAGIN2 (S9996) 

Ma i n  Program (S9950)  

Main Program ( S995 I ) 

Pa qe 

6-33 

7- I 

7- I 

7-3 

7-3 

7-3 

7- 1 I 
7- 1 I 
7- I I 

7- 1 I 

7- I I 

7- 15 

7- I5 

7- I5 

7- 15 

7- 16 

7- 16 

7- 16 

7- 16 

7- 16 

7- 16 

7- 16 

7- 16 

7- 16 

7- 16 
7- 17 

7- 17 

7- I7 
7- 17 

Various Opt ions o f  Using the Program Package 7-17 

Program Inpu t  7- 18 

AIRESEARCH MANUFACTURING OlVlSlON 
Lor.Angcler. Calilornla 

67- 1751 
Page i i i  



CONTENTS ( C o n t  i n u e d )  

S e c t  i o n  

8 

A p p e n d i x  

A 

B 

C 

D 

E 

F 

G 

V a r i a b l e s  Common to B o t h  S9973 a n d  S9993 

I n p u t  V a r i a b l e s  R e q u i r e d  by 
S9973 O n l y  

I n p u t  V a r i a b l e s  R e q u i r e d  by 
S9993 Only  

D e t e r m i n a t i o n  of C o n s t a n t s  G K  a n d  DIF 

V a r i o u s  Heat T r a n s f e r  C o e f f i c i e n t s  
f o r  t h e  F i n a l  Bed 

N o m e n c l a t u r e  

Example  I n p u t  a n d  O u t p u t  . 
C o m p l e t e  L i s t i n g  o f  S o u r c e  P r o g r a m  

Ref e r e n  ce s 

B E D  DESIGN 

Bed P h y s  ica 1 C h a r a c t e r  i s t i cs 

THERMODYNAMICS OF ADSORPTION 

FUNDAMENTALS OF MASS BALANCES AND THEIR 
SIMPLIFICATION 

RESULTS OF LABORATORY ADSORPTION A N D  DESORPTION 
OF C O P  ON MOLECULAR SIEVE AND H,O ON SILICA G E L  

INPUT DATA FOR SIMULATING COMPOSITE B E D  DESCRIBED 
IN SECTION 8 

EXAMPLE PRINTOUT D U R I N G  ADSORPTION PERIOD 

EXAMPLE PRINTOUT D U R I N G  DESORPTION PERIOD 

SOURCE PROGRAM LISTING 

MANUFACTURING DIVISION 
los Aogeles Cabtornm 

Page 

7- 18 

7-2 I 

7-2 I 

7-22 
7-35 

7-37 

7- 40 

7- 40 

7-4 1 

8- I 

8-3 

A- I 

B- I 

C- I 

D- i 

E- I 

F- I 

G- I 

67- I75 I 
P a g e  i v  



Fiqure  

4 -  I 

4 -  2 

4- 3 

5- I 

5- 2 

5-3 

5- 4 

5-5 

5- 6 

5-7 

5-8 

5- 9 

5- I O  

5- I I 

5- 12 

5- I3  

5- I 4  

I LLU STRAT I ON S 

P a r t i c l e  Arrangement i n  F ixed Bed ( P a r t i c l e s  of 
Sorbent Are Assumed t o  Be o f  Uni form Size and 
Arrangement i n  Bed) 

S ing le -Par t  i c l e  Phys ica l  Parameters 
and Related Concentrat  ions 

Schematic o f  Typ ica l  Adsorp t ion  E q u i l i b r i u m  
Isotherm a t  Low Coverage' (P ropor t i ona te  Law) 

Schematic o f  Grav imet r ic  Equ i l  i b r i um 
Sorp t i on Appa r a t  us 

Photograph of Grav imet r ic  Sorp t ion  Apparatus 

McLeod Gauge (Standard) and Televac Model 2C-M 
Thermocouple Gauge 

Schematic o f  Dynamic Adsorp t ion  Apparatus 

Photograph o f  Dynamic Adsorp t ion  Apparatus 

Dynami c Sorp t i on Test  Bed 

Instrumented Packed Adsorbent Bed 

. 

CVC Magnevac GMA- 140 Thermal Conduc t i v i t y  
Gauge and Texas Inst ruments Quar tz  Tube Gauge 

Mod i f i ed  Desorpt ion Apparatus 

Desorpt ion Bed w i t h  Regcrierator 

Desorpt ion Bed w i t h  Constant Temperature Bath 

€qui  1 i b r ium Isotherms of Carbon Diox ide Adsorp t ion  
on L inde Molecular  Sieve, Type 5 A ,  1/16- in.-dia 
Pel 1 e t s  

Comparison o f  25OC Equi 1 ib r ium Isotherms of  Adsorp t ion  
o f  Carbon D iox ide  on L inde Type 5 A  Molecular  Sieve 

Equ i l  i b r i um Isobars  o f  Carbon Diox ide Adsorp t ion  on 
L inde Molecu la r  Sieve Type,%, 1/16- in.-dia P e l  l e t s  
Obtained from F igu re  5-12 

. 

Paqe 

4- I5  

4 -  I6 

4-  I7  

5-2 .  

5-3 

5-5 

5-7 

5-8 

5-9 

5- 10 

5- 12 

5- I3 

5- I5 

5- I5 

5- 17 

5- I8  

5- 20 

AIRESEARCH MANUFACTURING DIVISION 
Los kngeler California 

67- I75 I 
Page v 



ILLUSTRATIONS (Continued) 

/ F iqure  

5- I 5  

Pa qe 

5-2 I Equi l  i b r i um I s o t e r e s  o f  Carbon Diox ide Adsorp t ion  
on L inde Molec.ular Sieve Type 5A, 1/16-in.-dia 
P e l l e t s  Obtained from F igure  5-12 

Equ i l  ib r ium Isotherms Obtained from Isobar  and 
I s o s t e r e  Cross P l o t s  

5- 22 5- I 6  

5- 17 Equ i l  ib r ium Isotherm o f  Carbon Diox ide Adsorpt ion 
on L inde Molecular  Siev'e Type 5AXW, 1/16- in.-dia 
Pel l e t s  a t  25OC 

.5- 23 

5- I8 Equi 1 ib r ium Isotherm o f  Water Vapor Adsorp t ion  on 
L inde Molecular  Sieve Type 5A, 1/16-in.-*dia 
Pel l e t s  a t  25OC 

5- 24 

Equi 1 i b r ium Isotherm o f  Carbon Diox ide Adsorpt ion 
on Water Treated L inde Molecular  Sieve Type 5A, 
1/16- i n . -d ia  Pel l e t s  a t  25OC 

5- 19 5- 26 

5- 20 

5-2 I 

Equi 1 ib r ium Isotherm o f  Water Vapor Adsorbed on 
Davison Grade 05, 6-16 Mesh S i 1  ica Gel  a t  25OC 

5- 27 

5- 28 Water Vapor Capaci ty o f  S i 1  i ca  Gel as a Funct ion 
o f  Temperature a t  Var ious P a r t i a l  Pressures, in.  
Hg (Equ i l  ibr iun i  I s o p i e s t i c s )  as Reported by 
Davison Co. (Reference 5-4) 

D i f f e r e n t i a l  Heat o f  Adsorp t ion  at '95 'F Based 
on I so te res  o f  Carbon Diox ide Adsorp t ion  on 
L inde Type 5A Molecular  Sieve P e l l e t s  

5-22 5-30 

5-33 Typ ica l  P l o t  Obtained from Experimental Data. 
This  i s  Adsorp t ion  o f  CO: on L inde Type 5A 
Molecular  Sieve Pel  l e t s  a t  25OC 

5- 23 

5-34 

5-40 

5-4 I 

5- 24 

5- 25 

Typ ica l  Breakthrough Curve Obtained from Exper imental  
Data. Th is  i s  Percent Breakthrough o f  C02 from L inde 
Type 5A Molecu la r  Sieve P e l l e t s  a t  25OC 

Bed Pressure P r o f i l e  f o r  the Isothermal  Vacuum Desorpt ion 
o f  Water Vapor from Davison Grade 05, 6-16 Mesh S i l i c a  
Gel a t  5OoC 

5- 26 Bed Pressure Prof  i l e  f o r  the Isothermal  Vacuum Desorpt ion 
o f  Water Vapor from Davison Grade 05, 6-16 Mesh S i  1 i ca  
Gel a t  25OC 

67- I75 I 
Page vi  

AIRESEARCH MANUFACTURING DIVISION 
Los Awgeles Calilornid 

. -  



ILLUSTRATIONS (Cont inued) 

Pa qe 

5-4 2 

Fiqure  

5- 27 Bed Pressure P r o f i l e  f o r  t h e  Isothermal  Vacuum 
Desorpt ion o f  COP from Type 5A, L inde Molecular  
Sieve, 1/16-in.-dia Pel l e t s  a t  25'C 

Bed Pressure P r o f i l e  f o r  the  Isothermal  Vacuum 
Desorpt ion of C02 from Type 5A, L inde Molecu la r  
Sieve, V I 6 -  in . -d ia  P e l  l e t s  a t  50'C 

5-43 5- 28 

Bed Temperature P r o f i l e  f o r  the Isothermal  
Vacuum Desorpt ion o f  Water Vapor from Davison 
Grade 05, 6-16 Mesh S i 1  i c a  Gel a t  122OF 

5-44 5- 29 

5- 30 Bed Temperature P r o f i l e  f o r  the Isothermal  
Vacuum Desorpt ion o f  Water Vapor ' f rom Davison 
Grade 05, 6-16 Mesh S i  1 i ca  Gel a t  77OF 

5-45 

Bed Temperature P r o f i l e  f o r  the  Isothermal  
Vacuum Desorpt ion o f  C02 from Type 5A L inde 
Molecular  Sieve, 1/16- in.-dia P e l l e t s  a t  77'F 

5-46 5-3 I 

Bed Temperature P r o f i l e  f o r  the  Isothermal  
Vacuum Desorpt ion of  C02 from Type 5 A  Linde 
Molecular  Sieve, l / i 6 - i n . - d i a  P e l l e t s  a t  122'F 

Vacuum Desorpt ion o f  C02 from Linde Type 5A 
Molecular  Sieve 

5-47 5-32 

5-50 

5-53 

5-33 

5-34 

5- 35 

6- I 

6- 2 

6- 3 

6- 4 

6- 5 

Vacuum Desorpt ion of  H20 Vapor from Davison 
S i 1  i ca  Gel 

Vacuuin Desorpt ion o f  H20  Vapor from L inde Type 
5A Molecu la r  Sieve 

5- 56 

6- 2 

6- 3 

6- 4 

3- 5 

Prototype Test  System 

Pro to type Sorbent Test  Bed and Valve Assembly 

Pro to type Sorbent Bed and Heat Exchanger Core 

Pro to type S i l i c a  Gel Tes t  System C o n f i g u r a t i o n  
Schema t i c 

6- 9 Test  Resul ts  f o r  a S i 1  i ca  Gel/H20 Typ ica l  (Run No. 
2-2) Desorpt ion-Adsorpt ion Cycle Ser ies 

67- 175 1 
Page v i i  

AIRESEARCH MANUFACTURING DIVISION 
10s Angrles Calilornia 



Fiqure  

6- 6 

6-7 

6- 8 

6- 9 

6- 10 

6- I I 

6- 12 

6- 13 

6- 14 

6- 15 

6- I 6  

6- 17 

6- 18 

6- 19 

6- 20 

6-2 I 

6- 22 

6- 23 

7- I 

ILLUSTRATIONS (Con t i nued) 

3 - in .  S i l i c a  Gel Tests 

I - i n .  S i l i c a  Gel Tests 

2-in. S i l i c a  Gel Tests 

Desorpt ion Pressure Comparison Showing 
Apparent Leak . 

Water Breakthrough on 3- in .  S i 1  i ca  Gel Bed 

Pro to type Molecular  Sieve Test  System Con f igu ra t i on  
Schema t i c 

Thermal Swing C02 Removal of a I - i n .  Bed 

Ad iaba t i c  C02 Removal o f  a I - i n .  Bed 

C02 Adsorp t ion  Performance o f  a 2- in.  Bed 

Mod i f ied  Molecular  Sieve Test System Con f igu ra t i on  

c02 Breakthrough i n  a 3-in.-Deep Bed 

COP Adsorp t ion  Performance o f  a 3-in.-Deep Bed 

Computed and Experimental Resul ts  f o r  C02 on 
Dry I - i n .  5A  Bed 

P r e d i c t i o n  Model f o r  Water Poisoning E f f e c t  
on Molecular  Sieve Bed 

Cornparison o f  I - i n .  5A 6ed Resul ts  w i t h  Poisoning 
P red i c t  i on  

Computed and Experimental Resul ts  f o r  C02 Breakthrough 
on Dry 3 - in .  Bed 

Ca lcu la ted  and Experimental 3- in .  5 A  Bed C02 Resul ts  
w i t h  I n t e r m i t t e n t  Metered Water Poisoning 

Water Breakthrough on 3- in .  Molecular  Sieve Bed 

A Composite Molecular  Sieve, S i l i c a  Gel Bed f o r  
co2 Removal 

AIRESEARCH MANUFACTUr3iN.G DIVISION 
Lor AngrIc5 Calilornla 

. 

Pa qe 

6- IO 

6- I I 

6- 12 

6- I3 

6- I4 

6- 16 

6- I8 

6- I9 

6- 22 

6- 23 

6- 24 

6- 26 

6- 27 

6- 29 

6-30 

6-3 I 

6- 32 

6- 34 

7- 2 

67- I75 I 
Page v i  i i 



Figure  

7-2 

7-3 

7-4 

7-5 

7-6 

7-7 

7-8 

7-9 

7- 10 

7-1 f 

7- 12 

7- I3 

7- 14 

7- I5 

7- I6 

7- 17 

8- I 

8-2  

ILLUSTRATIONS (Continued) 

I 
N 2  P C o r r e l a t i o n  o f  F vs (-) From Test Data 

Vacuum Duct Capac i t ies  f o r  Var ious Duct Sizes 
and Duct I n l e t  Pressures 

Adsorp t ion  Isotherms f o r  C O P  on Molecular  Sieve 

Adsorp t ion  Isotherms f o r  Water on S i l i c a  Gel 

S t ruc tu re  o f  Program S9960 

Computer Comparison o f  5 /8- in .  Bed C02 Performance 
a t  High Gas Flow 

Computer Comparison o f  5 /8- in .  Bed CO, Performance 
a t  Low Gas Flow 

E f f e c t  o f  Computer Nodal Size on P red ic ted  
co;, Performance 

E f f e c t  o f  Nodal S i z e  on Best Adsorp t ion  
Mass-Transfer C o e f f i c i e n t  

Pressure H i s t o r i e s  Dur ing C02 Desorpt ion from a 5/8- 
i n . -d ia  Molecular  Sieve Bed 

Pressure H i s t o r i e s  Dur ing CO, Desorpt ion from the 
Pro to type Molecular  Sieve Bed 

Ad iaba t i c  CO, Performance o f  Pro to type Bed 

Comparison o f  P red ic t cd  and Measured Adsorp t ion  
Performance o f  a 5 /8 - in . -d ia  S i 1  i ca  Gel Bed 

Comparison o f  P red ic ted  and Measured Changes i n  
~~0 Loading on a 5 /8 - in . -d ia  S i 1  i ca  Gel Bed 
Dur ing Desorpt ion 

Pressure H i s t o r y  Dur ing Desorpt ion o f  H,O from a 
5 /8 - in . -d ia  S i l i c a  Gel Bed (77'F) 

Water Breakthrough on 3- in .  S i l i c a  Gel Bed 

Adsorbent Cann i s t e r  

P red ic ted  E f f e c t  
on G O z  Removal 

MANUFACTURING DlVlSlON 
Los Angele'. Calilarnia 

o f  Bed Size and Gas Flow 

Pa qe 

7-a 

7- 10 

7- 12 

7- 13 

7- 14. 

7-23 

7-24 

7-25 

7-26 

7-28 

7-29 

7-30 

7-3 I 

7-32 

7-33 

' 7-34 

8-2 

8-4 

. 

67- 175 I 
Page i x  



Fiqure 

8 - 3  

8-4 

8-5 

8 -6 

c- I 

c- 2 

c-3 

c- 4 

c-5- 

C- 6 

c-7 

C-8 

c-9 

c- 10 

ILLUSTRATIONS (Con t i nued) 

Pa qe 

Predicted Effects o f  Cycle Time and Gas 
Flow on C02 Removal and Bed Life 

Regene ra b 1 e CO Remova 1 Sys tem 

Regenerative C02 Removal Syst&n Integrated with 
the Apollo Block I1 ECS 

Schematic of AAP Regenerative C O ,  Removal System 

Equi 1 ibrium Isotherms of Carbon Dioxide Adsorption 
on Linde Type 5A, 1/16-in.-dia Pellets at 25OC 

Equil ibrium and Non Equil ibrium Isotherms of 
Carbon Dioxide During Adsorption and Desorption 
on Linde Type 5 A ,  1/16-;n.-dia Pellets a t  O°C 

Equilibrium and Non Equil ibrium Isotherms of 
Carbon Dioxide Adsorption and Desorption on 
Linde Type 5A, 1/16-in.-dia Pellets at 10.5OC 

Equil ibrium and Non Equil ibrium Isotherms of  
Carbon Dioxide Adsorption and Desorption on 
Linde Type 5A, 1/16-in.-dia Pellets at 50'6 

Equilibrium and Non Equilibrium Isotherms of 
Water Vapor Adsorption and Desorption on 
Linde Type 5A, 1/16-in.-dia Pellets at 25OC 

Equilibrium and Nonequilibrium Isotherms of 
Water Vapor Adsorption and Desorption on 
Davison Type 05, 6-16 Kish Si1 ica Gel at 25OC 

Dynamic Adsorption of C02 on Linde Molecular 
Sieve, Type 5A, 1/16-in.-dia Pellets at 25'C 

Breakthrough of CO,  from Linde Molecular Sieve 
Type 5A, 1/16-in.-dia Pellets at 25OC 

Dynamic Adsorption of C02 on Linde Mo 
Type 5A, 1/16-in.-dia Pellets at 25OC 

Breakthrough of CO, from Linde Molecu 
Type 5A, 1/16-in.-dia Pel'lets at 25OC 

AIRESEARCH MANUFACTURING DIVISION 
La Arigcler Csldornta 

ecular Sieve 

ar Sieve, 

8-5 

8 - 6  

8-7 

8-8 

c - I '  

c- 2 

c- 3 

c- 4 

c-5 

. G.6 

c- 7 

C-8 

c-9 

c- IO 

67- 175 I 
Page x 



Flqure 

c- I I 

c- 12 

c- 13 

C- 14 

C- 15 

C- 16 

C- 17 

C- 18 

c- 19 

c- 20 

c-2 1 

c- 22 

C- 23 

C- 24 

C- 25 

ILLUSTRATIONS (Con t i nued) 

Dynamic Adsorption of C02 on Linde Molecular 
Sieve, Type 5A, 1/16-in.-dia Pellets at O°C 

Breakthrough of C02 from Linde Molecular Sieve, 
Type 5A, 1/16-in.-dia Pellets at O°C 

Dynamic Adsorption of CO, on Linde Molecular Sieve, 
Type 5A, 1/16-in.-dia Pellets at 25OC 

Breakthrough of CO, from Linde Molecular Sieve, 
Type 5A, 1/16-in.-dia Pellets at 25OC 

Dynamic Adsorption of CO, on Linde Molecular Sieve, 
Type 5A, 1/16-in.-dia Pellets at 25OC 

Breakthrough of CO, from Linde Molecu 
Type 5A, i/l6-in.-dia Pellets at 25OC 

Dynamic Adsorption of C02 on Linde Mo 
Type 5A, 1/16-in.-dia Pellets at 25OC 

Breakthrough of CO, from Linde Molecu 
Type 5P,, 1/16-in.-dia Pellets at 25OC 

ar Sieve, 

ecular Sieve, 

ar Sieve, 

Dynamic Adsorption of C02 on Linde Molecular Sieve 
Type 5A, 1/16-in.-dia Pellets at O°C 

Breakthrough of C02 from Linde Molecular Sieve, 
Type 5A, 1/16-in.-dia Pellets at O°C 

Dynamic Adsorption of CO, on Linde Mo 
Type 5A, 1/16-in.-dia Pellets at 25OC 

Breakthrough of CO, from Linde Molecu 
Type 5A, 1/16-in.-dia Pellets at 25OC 

Dynamic Adsorption of CO, on Linde Mo 
Type 5A, I/l5-in.-dia Pellets at O°C 

Breakthrough of C02 from Linde Molecu 
Type 5A, 1/16-in.-dia Pellets at O°C 

Dynamic Adsorption of C02 on Linde No 
Type 5A, 1/16-in.-dia Pellets at 25OC 

AIRESEARCH MANUFACTURING DIVISION 
 LO^ ArigeleJ Cahtarnn 

ecular Sieve, 

ar Sieve, 

ecular Sieve 

ar Sieve, 

ecular Sieve 

.. 

Pa qe 

c- I I 

c- 12 

C- I3 

C- I 4  

C- I5 

C- 16 

C- I7 

C- I8 

c- 19 

c- 20 

c-2  I 

c-22 

C - 2 3  

C- 24 

C-25 

67- I75 I 
Page xi 



ILLUSTRATIONS (Cont 1 nued) 

Pa qe 

C- 26 

Fiqure  

C- 26 Breakthrough o f  C O ,  from Linde Molecular  Sieve, 
Type 5A,  1/16- in.-dia P e l l e t s  a t  2 5 O C  

Dynamic Adsorp t ion  o f  C 0 2  on L inde Molecu la r  Sieve 
Type 5 A ,  1/16- in.-dia P e l l e t s  a t  2 5 O C  

Breakthrough of  C 0 2  from Linde Molecular  Sieve, 
Type 5 A ,  1/16- in.-dia P e l l e t s  a t  2 5 O C  

C- 27 C- 27 

C- 28 

C- 29 

c- 28 

Dynamic Adsorp t ion  o f  CO, on Linde Molecu la r  Sieve 
Type 5 A ,  1/16-in.-dia P e l l e t s  a t  5 O o C  

C- 29 

C- 30 Breakthrough o f  CO, f r o m  Linde Molecular  Sieve, 
Type 5A, 1/16-in.-dia P e l l e t s  a t  5 O o C  

C- 30 

C-3 I 

C - 3 2  

c- 33 

c- 34 

c-35 

C - 3 6  

c-37 

c-38 

c-39 

C - 4 0  

Dynamic Adsorp t ion  of  CO,  on L indc Molecular  Sieve 
Type 5A, 1/16- in.-dia P e l l e t s  a t  9. I ° C  

C - 3  i 

Breakthrough of CO, from Linde Molecular  Sieve, 
Type 5A, I / lS - i n . -d ia  P e l l e t s  a t  9. I ° C  

C - 3 2  

Dynamic Adsorp t ion  o f  CO, on Linde Molecular  Sieve 
Type 5A, 1/16- in.-dia P e l l e t s  a t  25OC 

c-33 

c- 34 

c-35 

C- 36 

c- 37 

Breakthrough o f  CO,  froni L inde Molecular  Sieve, 
Type 5 A ,  1/16- in.-dia P e l l e t s  a t  2 5 O C  

Dynamic Adsorp t ion  o f  CO, on Linde Molecu la r  Sieve 
Type 5 A ,  1/16- in . -d ia  P e l l e t s  a t  5 O o C  

Brea-kthrough of C 0 2  from Linde Molecular  Sieve, 
Type 5A, 1/16- in.-dia P e l l e t s  a t  5 O o C  

Dynamic Adsorp t ion  'of CO, on L inde Molecular  Sieve, 
Type 5A, l / 16 - in . -d ia  P e l l e t s  a t  O°C 

C- 38 Breakthrough o f  CO, from Linde Molecu la r  Sieve, 
Type 5A, 1/16- in.-dia P e l l e t s  a t  O°C 

Dynamic Adsorp t ion  of  H2@ Vapor on Davison S i l i c a  
Gel, Grade 05, 6-16 Mesh Granules a t  2 5 O C  

c-39 

C - 4 0  Breakthrough of Water Vapor from Davison S i 1  i ca  Gel 
Grade 05, 6-16 Mesh Granules a t  25OC 

67- I75 I 
Page x i  i 

AIRESEARCH MANUFACTURING DIVISION 
Los Aigeles Caldorns 



F i qu re 

c-4 I 

C-4 2 

c-43 

c-44 

c-45 

C-46 

c-47 

C-48 

c-49 

C- 50 

c-5 I 

C-52 

c-53 

c-54 

ILLUSTRATICNS (Continued) 

Dynamic Adsorp t ion  of H20 Vapor on Davison S i l i c a  
Gel Grade 05, 6-16 Mesh Granules a t  15.56'C (60'F) 

Breakthrough o f  Water Vapor from Davison S i 1  i ca  Gel, 
Grade 05, 6-16 Mesh Granules a t  15.56'C (60'F) 

Vacuum Desorpt ion of  CO, from Linde Mo 
Type 5A, 1 /16- in-d ia  P e l l e t s  a t  25'C 

Vacuum Desorpt ion o f  C O P  from Linde Mo 
Type 5A, I / l h - i n . - d i a  P e l l e t s  a t  50'C 

Vacuum Desorpt ion o f  C02 f rom Linde Mo 
Type 5A, 1/16- in.-dia P e l l e t s  a t  5OoC 

e c u l a r  Sieve 

e c u l a r  Sieve, 

e c u l a r  Sieve, 

Vacuum Desorpt ion of CO, from Linde Molecular  Sieve, 
Type 5A, 1/16- in.-dia P e l l e t s  a t  5OoC w i t h  T h r o t t l e d  
Va cuurn 

Vacuum Desorpt ion of CO, from Linde Molecu la r  Sieve, 
Type *5A, i / l 6 - i n . - d i a  P e l  l e t s  a t  50'12 

Vacuum Desorpt 
Type 5A, 1/16- 
Condi t ions 

Vacuum Desorpt 
Type 5A, 1/16- 

on o f  CO, from Linde Molecular  Sieve, 
n . -d ia  Pel l e t s  *at Ambient Ad iaba t i c  

on of CO, from Linde Molecular  Sieve 
n.-dia Pel l e t s  a t  25OC 

Vacuum Desorpt ion o f  C02 
Type 5A, 1/16- in.-dia Pe 
Vacuum 

Vacuum Desorpt ion of C02 
Type 5A, 1/16-in.-dia Pe 

Vacuum Desorpt ion o f  C o p  

Type 5A, 1/16- in.-dia Pe 
50'C f o r  28 Min 

Vacuum Desorpt ion o f  C02 
Type 5A, 1/8- in.-dia Pel 

Vacuum Desorpt ion of H20 

from Linde Molecular  Sieve 
l e t s  a t  25OC w i t h  T h r o t t l e d  

from Linde Molecular  Sieve, 
l e t s  a t  25OC 

from Linde Molecular  Sieve, 
l e t s  a t  25'C f o r  2 Min and 

from Linde Molecu la r  Sieve 
e t s  a t  25'C 

Vapor from Davison S i 1  i ca  Gel, 
Grade 05, 6-'16 Mesh Granules a t  25OC 

AIRESEARCH MANUFACTURING DIVISION 
LUI Anaeler Calilornia 

. 

Pa qg 

c-4 I 

C-42 

c-43 

c-44 

c-45 

C-46 

c-47 

C-48 

c-49 

c- 53 

6-5 I 

C- 52 

c-53 

c-54 

67- I75 I 
Page x i  i i 



Fiqure  

C055 

C-56 

c-57 

C-58 

c-59 

C-60 

C-6 I 

C-62 

C-63 

C- 64 

C- 65 

C-66 

C-67 

C- 68 

C-69 

ILLUSTRATIONS (Continued) 

- .  

Vacuum Desorpt ion of  H 2 0  Vapor from Davison S i l i c a  Gel, 
Grade 05, 6-1.6 Mesh Granules a t  5OoC 

Vacuum Desorpt ion of  H 2 0  Vapor from Davison S i 1  i ca  Gel, 
Grade 05, 6-16 Mesh Granu.les a,‘ 5OoC a t  T h r o t t l e d  Vacuum 

Vacuum Desorpt ion of  H20 Vapor f rom Davison S i l i c a  Gel, 
Grade 05, 6-16 Mesh at ,  5OoC a t  T h r o t t l e d  Vacuum 

Vacuum Desopr t ion of H20 .Vapor from Davison S i 1  i ca  Gel, 
Grade 05, 6-16 Mesh Granules a t  38GC 

Vacuum Desorpt ion of  H20 Vapor from Davison S i 1  i ca  Gel, 
Grade 05, 6-16 Mesh Granules a t  Ambient A d i a b a t i c  
Condi t ions 

Vacuum Desorpt ion o f  H20 Vapor from Davison S i l i c a  Gel, 
Grade 05, 6-16 Mesh Granules a t  5OoC 

Vacuum Desorpt ion o f  H,O Vapor from Davison S i 1  i ca  Gel, 
Grade 05, 3-8 Mesh Granules a t  5OoC 

Vacuum Desorpt ion o f  H20 Vapor from L inde Type 5k,  
1/16- in.-dia P e l l e t s  a t  2OO0F 

Vacuum Desorpt ion of H20 from Linde Molecu la r  Sieve 
Type 5G, 1/16- in.-dia P e l  l e t s  a t  15OoC 

Vacuum Desorpt ion of H 2 0  Vapor from Linde Type 5A 
1/16- in.-dia Pel l e t s  a t  100°C 

Vacuum Desorpt ion of  H21) Vapor from Linde Molecular  
Sieve, Type 5A, 1/16- in.-dia P e l l e t s  a t  100°C a t  
T h r o t t l e d  Vacuum 

Vacuum 
Sieve, 

Vacuum 
Sieve, 

Vacuum 
Sieve, 

Vacuum 
Sieve, 

Desorpt ion of  H,O Vapor from Linde Molecular  
Type 5A, 1/16- in.-dia P e l l e t s  a t  100°C 

Desorpt ion of  H20 Vapor from Linde Molecular  
Type 5A, 1/16-in..-dia P e l l e t s  a t  200°C 

Desorpt ion of H 2 0  Vapor from Linde Molecular  
Type 5A, 1 / /6 - i n . -d ia  P e l l e t s  a t  100°C 

Desorpt ion of H20 Vapor from Linde Molecular  
Type 5A, 1/16- in.-dia P e l l e t s  a t  100°C 

a f t e r . a  D.ry N 2  Purge 

AIHESEAHCH MANUFACTURING DIVISION 
Lo5 hnicter Csillornia 

“ 

Pa qe 

c-55 

C-56 

c-57 

C- 58 

c-59 

C-60 

C-6 I 

C-62 

C-63 

C-64 

C-65 

C- 66 

C-67 

C- 68 

C- 69 

67- I75 I 
Page x i v  



ILLUSTRATIONS (Cont i nued) c 

Fiqure Pa qe . 

C-70 Vacuum Desorption of H20 Vapor from Linde Molecular C-70 
Sieve, Type 5A, 1/16-in.-dia Pellets at 100°C after 
a Dry M 2  Purge 

c-7 I Vacuum Desorption of H20 Vapor from Linde Molecular c-7 1 
Sieve, Type 5A, 1/16-in.-dia Pellets at 100°C after 
a D r y  N 2  Purge 

AIRESEARCH MANUFACTURING DIVISION 
L a  Angrler Caldornta 

67- 175 I 
Page xv  



, - %  

L ..> 

. 
TABLES 

Tab1 e - Pa qe 

5- 25 Cyc l i ng  Data f o r  Adsorp t ion  o f  Water Vapor 
a t  25OC on S i  1 i c a  Gel and Desorbing a t  5OoC 

5- I 

Summa r y  o f  Dynarn i c Ca rbon D i ox i de Adsorp t i on 
on Molecular  Sieve Test  Data .and Resul ts  

5-32 5- 2 

5-3 Summary o f  Dynamic Water Vapor Adsorp t ion  
on S i 1  i c a  Gel Tes t  Da.ta and Resul ts  

5- 38 

i- 
t *  

5- 39 

5-48 

5-49 

5-4 

5- 5 

5-6 

Vacuum Desorpt ion Test Condi t ions 

Te s t Ma t r i x 

Vacuum Desorpt ion o f  C02 From Linde Type SA 
Molecular  Sieve ,Pel l e t s  

Vacuum Desorpt i on  o f  H,O Vapor from Dav i son 
S i l i c a  Gel Granules 

r- 
t _, 

! 

5-7 5-52 

Desorpt ion of Water Vapor from a 5/8- in .d ia  
Bed of I / l & i n . - d i a  L inde Type 5A Molecu la r  
Sieve P e l  l e t s  

5- 55 5-8 

F-' 
f 
I, d 

6- I 

6- 2 

S i  1 i ca  Gel Performance 6- 7 

6- 17 Summary of  Tests on I-in.-Deep Molecular  
Sieve Bed 

6- 3 Summary o f  Tests on 2-in.-Deep Molecular  
Sieve Bed 

6-2 I 

L 6-4 Summary of Tests on 3-in.-Deep Molecular  
Sieve Bed 

6- 25 

i: 

i : 
1-1 AIRESEARCH MANUFACTURING DIVISION 

LM Ahgilles Caiilnrnia 

67- 175 1 
Page x v i  



pr 

6: 
, 

SECTION I 

INTRODUCTION 

c 
I- 
b 
t -. 

i 

The Apol lo Appl i c a t  ions Program Envi ronmental Cont ro l  and L i f e  Support 
System (AAP EC/LSS)  development cont rac t ,  NAS 9-3541, has as i t s  o b j e c t i v e  
the  i d e n t i f i c a t i o n  and development o f  the new subsystems and components 
necessary t o  extend t h e  1 i f e  and performance o f  the present  B lock I1 A p o l l o  
environmental c o n t r o l  and l i f e  support  system f o r  p o t e n t i a l  AAP missions. 
One o f  the major new subsystems i d e n t i f i e d  i n  the  Phase I A  study p o r t i o n  o f  
t he  program was a regenera t ive  C02 removal system t o  rep lace the  expendable 
LiOH absorbent C02 c o n t r o l  method p r e s e n t l y  used. 

This  r e p o r t  summarizes the  r e s u l t s  of a one-year research program 
conducted by AiResearch on the fundamental p r o p e r t i e s  o f  sol i d  adsorbents 
and methods f o r  design and performance p r e d i c t i o n  o f  systems us ing  these 
mater ia  1 s. 

The work was conducted w i t h  the he lp  and d i r e c t i o n  o f  personnel o f  the 
Crew Systems D i v i s i o n  of  the NASA Manned Spacecraf t  Center, p a r t i c u l a r l y  
M r .  W i l b e r t  E l l  i s ,  D r .  Samuel Davis, and D r .  Jack Winnick. 

The bas i c  o b j e c t i v e  o f  t h i s  work was t o  p rov ide  the  data and a n a l y t i c a l  
techniques necessary t o  design a regenera t ive  C02 removal u n i t  f o r  the AAP 
EC/LSS. Successful conc lus ion  of the task has prov ided a unique capabi 1 i t y  
t o  p red ic t ,  w i t h  di .g i  t a l  computation techniques, the performance o f  these 
p rev ious l y  emp i r i ca l  systems. 
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SECTION 2 

SUMMARY AND CONCLUSIONS 

The i n i t i a l  s tudy and a n a l y s i s  a c t i v i t y  o f  t h i s  task  i d e n t i f i e d  the bas i c  
design o f  t h e  regenera t ive  CO:! removal u n i t  as one t h a t  would u t i l i z e  the 
s y n t h e t i c  zeoi  i tes,  known as molecu la r  sieves, as the  C 0 2  adsorbent. I t  was 
obvious, however, e a r l y  i n  the  research program t h a t  the  water  vapor always 
present  i n  t h e  spacecraf t  atmosphere would degrade t o  a marked degree the  CO, 
adsorp t i on  c a p a b i l i t y  o f  the molecu la r  s ieve. Thus, the  p a r a l l e l  i n v e s t i g a t i o n  
of s i 1  ica gel  as a regenera t ive  predryer  was conducted. 

The e q u i l i b r i u m  capac i t y  o f  these m a t e r i a l s  f o r  C O P  and water  was measured 
over a wide range o f  temperatures and pressures, and the  performance under 
dynamic cond i t i ons  d u p l i c a t i n g  the adso rp t i on  and desorp t ion  modes i n  a rea l  
system studied.  
review o f  present-day adso rp t i on  theory, t h a t  bes t  descr ibed t h e  r e s u l t s  o f  
t e s t i n g .  
which p r e d i c t s  the  performance o f  a g iven design. 

A t  the same t i m e  a mathematical model was developed, a f t e r  a 

Th is  model was developed i n t o  a t ra -ns ien t  d i g i t a l  computer program 

One o f  the most impor tant  f i n d i n g s  o f  the program was the profound 
in f l uence  o f  water vapor on the  design. The a f f i n i t y  o f  the molecular  s ieve  
for  water, i t s  degradat ion o f  C02 removal c a p a b i l i t y ,  and the extreme d i f f i c u l t y  
i n  removing t h i s  water once adsorbed by the  s ieve became a major cons ide ra t i on  
i n  system design. I t  was determined t h a t  the understanding of, and des ign 
t reatment  t c  prevent ,  the  ‘tpoisoningll o f  molecular  s ieve  by water  was the 
secre t  t o  a successful  regenera t ive  CO, removal system. 

The r e p o r t  t h a t  f o l l o w s  has been organized i n t o  f i v e  bas ic  sect ions,  
each r e p o r t i n g  upon a d i s t i n c t  p a r t  o f  the research program. 

Sect ion 3 descr ibes and l i s t s  the ex tens ive  b i b l i o g r a p h y  b u i l t  up over 
the course o f  the program, t o  p rov ide  the reader w i t h  a view o f  the  ex tens ive  
l i t e r a t u r e  on the subject ,  and d i v e r t  him t o  s p e c i f i c  areas o f  i n t e r e s t .  

Sect ion 4 provides, as  background in format ion,  a summation o f  the present-  
day theory o f  f i x e d  bed adsorpt ion,  i n d i c a t i n g  the  general mathematical models 
t h a t  have been developed. 

Sect ion 5 descr ibes the i n i t i a l  PBeD e f f o r t  devoted t o  t h e  fundamental 
p r o p e r t i e s  and performance o f  molecular  s ieves and s i 1  i ca  gel  and summarizes 
the  resul  t s  obta i ned. 

Sect ion 6 descr ibes the  nex t  s tep  undertaken i n  the  laboratory ,  where a 
f u l l - s c a l e  adsorbent bed was operated under cond i t i ons  s i m u l a t i n g  the  rea l  
i n s t a l l a t i o n  t o  con f i rm  and expand the  knowledge a l ready  developed. . 

Sect ion 7 descr ibes the d i g i t a l  computer program developed from the 
a n a l y t i c a l  i nves t i ga t i on ,  and shows i t s  a p p l i c a b i l i t y  t o  the t e s t  data and 
des ign problems. The appendixes con ta in  a d d i t i o n a l  t e s t  data ob ta ined as 
w e l l  as F o r t r a n  l i s t i n g s  and t y p i c a l  i npu t  and ou tpu t  o f  the computer program. 
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SECTION 3 

BIBLIOGRAPHICAL REVIEW OF SORBENT TECHNOLOGY 

. 

RESUME OF LITERATURE 

An extensive review of the literature was instituted to determine insights 
into the problems various investigators had encountered in developing solutions 
to the complex phenomena of fixed bed sorption analyses. 

Examination of the cited papers will show that there are numerous gas- 
I 

solid contacting operations whose mathematical analysis is quite analogous, if 
not identical, to that of fixed bed adsorption. Consequently, techniques of 
solution developed in those fields are directly applicable to adsorption bed 
ana lys i s. 

The following references emphasize these points: 

Ai ,  G8, G9, HIO, H12,  K5, K6, L5, M13, M I 4  , > J > 9  0 2  S4 V I  V7 V8 

The fundamental review of the whole field of subject matter introduced in 

! 
this report is: 

H I O ,  HI I ,  H i 2 ,  H17, K8, K9, MS, 02, T3, TI, V7, V8 
_ _  ~ _ _ _ _  ______. 

The ground work for processes exhibiting second-order kinetics was pro- 
vided by the following references: 

A4, H6, T 2 ,  T3, W6 

Detailed or exacting treatments of intraparticle diffusion are contained 
in the following references. 
there is for the approximation of Equation ( 4 - 1 )  by a simply formulated kinetic 
rate law.) 

(Some of these also establish what justification 

El, GI, K2, R4, R5, T4, Ttj, T6, T7 

Equa 
for 

When equations of Table 4-1 are solved neglecting the axial dispersion in 
tion(4-l)and substituting kinetic rate- laws in place of the full expression 
intraparticle diffusion in Equation ( 4 - 1 6 ) ,  the resulting partial differential' 

equation system is of the hyperbolic type and thus can be solved numerically 
by means o f  the method of characteristics as well as by the method of the usual 
finite differences. 

I 
The method of characteristics i s  discussed in A I ,  DII, L6, V I .  . 

Finite difference methods are discussed by D I I ,  L6, 01, 02, Vi. 

AWESEARCH MANUFACTURING DIVISION 
Lor Anpeler California 

67- I75 I 
Page 3- I 



The treatment of the full system reduces to a parabolic system. Some 
general numerical and computational techniques that are available are: 

I 
L6, Ll2, 01, R7, S9 

The numerical solution for the full treatment of pore or intraparticle 
diffusion exemplified by Equation(4-16) and its attendant equations Is presented 
and/or discussed by the following: 

E l ,  G7, U3, R4, R5, T4, T5, T6, -67; the series solution to(&-16) is 
correlated by: G7, H6, R2. 1 

The following references discuss multicomponent adsorption, adiabatic 
adsorpticn, adsorption with reaction, distorted velocity profi le, or pressure 
drop i nf 1 uence : 

A I ,  H16, H17, WI 

Standard and current references describing the application to diffusion 
of mass transfer, pressure drop, axial dispersion studies, and correlations 
and computational techniques are: 

Basic references for diffusion, especially for the partial specific 
volume average stressed in Appendix B, are: 

B8, C5, C6, D9, S8, S9 (multicomponent systems) 

-Treatments of longitudinal diffusion, i.e., axial dispersion,are can- 
tained in these references: 

A2, H3, H17, L3, W2 

Reference M4 makes a particular point of isolating surface diffirsion from 
the more usual kind of intraparticle diffusion. Reference 82 is basic for an 
understanding of the phenomenology o F  this process. 
present the kinetic viewpoint. 
tion equilibrium is given in the following series of-articles: 

References K I O  and K I I  
The influence of surface migration on adsorp--- - 

D2, 03, 04, D5, D6, D7 
I - 

In fact, in Reference 08, a two dimensional van der Waals equation of 
state,is developed to characterize a specific adsorption system. 

Surprisingly enough, the Polanyi potential theory for adsorption- 
equilibrium (PI) is still finding use today ( s e e  Gi3; also L9 and LIO).  
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Early work on adsorption beds that employed simple or restrictedly ' 
applicable equations and references that extend or review these treatments are: 

1 "  
i -. B12, DI, K8, K9, M9, MI0  I.. i 

The following are fairly recent articles that use sorption processes to 
determine basic fixed bed phenomena such as intraparticle diffusion, heats of 
adsorption, etc: 

- 

f - '  GI, GIO, H I  
I '  
( .  

I '  
4 
i 

f 
I .  
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SECTION 4 

FUNDAMENTAL B A S I S  OF: THERMODYNAMICS AND KINETICS FOR 
FIXED BED SORPTION PROCESSES 

I NTRO DUCT1 0 N 

Adsorpt ion processes t h a t  occur i n  f i x e d  beds can be s tud ied  from two 
general p o i n t s  o f  view. I f  the  process i s  a l lowed t o  take p lace  over  a r e l a -  
t i v e l y  long p e r i o d  o f  t ime f o r  a f i x e d  amount o f  gas, i.e., a ba tch  process, 
then e q u i l i b r i u m  cons ide ra t i ons  are o f  f i r s t  importance. On the  o t h e r  hand, 
i f  a f l o w  o r  c y c l i n g  process i s  o f  p r a c t i c a l  i n t e r e s t ,  i , e . ,  a gas f l o w s  over  
the  s o l i d  which may a l t e r n a t e l y  adsorb o r  desorb c o n s t i t u e n t s  from the  stream, , 

then dynamical o r  t ranspor t  cons ide ra t i ons  may a l s o  become impor tant .  

H i s t o r i c a l l y ,  the  s t a t i c  process has rece ived p r i o r  study; data c o r r e l a -  
t i o n s  a t  constant  temperatures between concen t ra t i on  i n  the  gas phase and on 
the  s o l i d  sur face  have been made. These isotherms, and t h e i r  a l t e r n a t i v e  
var ian ts ,  isobars and i sos te res  were exp la ined by means o f  var ious  theo r ies  
concerning s o l i d  sur faces and t h e  molecular  fo rces  t h a t  were invo lved.  Specu- 
l a t i o n  proceeds even today as t o  the  under l y ing  phys i ca l  exp lanat ion  o f  these 
da ta  c o r r e l a t i o n  curves. Some ment ion w i l l  be made here o f  some o f  these 
h i g h l i g h t s  a long w i t h  the  thermodynamics o f  the  e q u i l i b r i u m  process be fore  
moving on t o  the dynamical o r  t ranspor t  cons idera t ions .  For the  sake o f  f i x i n g  
a t t e n t i o n  on the o v e r a l l  view o f  the problem the f o l l o w i n g  summary o f  bas ic  
phenomena should be kept i n  mind. 

B A S I C  PHENOMENA 

The adsorp t ion-desorp t ion  process i n  a f i x e d  granu lar  b e d  invo lves the 
f o l l o w i n g  sequence: 

( a )  Mass t r a n s f e r  o f  contaminants and o the r  gaseous components from the 
b u l k  o f  the f l o w i n g  gas stream t o  the  p r o x i m i t y  o f  the i n t e r s t i c e s  
and pores o f  t he  granu lar  bed 

( b )  D i f f u s i o n  through the  porous subs t ruc ture  o f  the s o l i d  u n t i l  
encounter w i t h  the  sur face 

( c )  Retent ion a t  t he  sur face  by means o f  condensat ion or  r e a c t i o n  w i t h  i t  

( d )  Disengagement o f  t he  contaminants or  r e a c t i o n  products  from the  
sol i d  sur face  

D i f f u s i o n  ou t  o f  the porous subs t ruc tu re  ( e )  

( f )  Mass t r a n s f e r  i n t o  the  b u l k  gas stream 
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Steps I and 2, and 5 and 6, have been d i f f e r e n t i a t e d  f o r  the  sake o f  empha- 
s i z i n g  a ser ious  d i f f e r e n c e  i n  t h e  mechanisms o f  t he  d i f f u s i o n a l  t ranspor t  i n  
o r  o u t  o f  t he  pores. 
o r  be f r e e d  from i t  e i t h e r  by means o f  long-range forces a k i n  t o  those o f  
i n termol ecu 1 a r a t t r a c t  i on t h a t  produce condensa t i on o r  vapor i zz t  i on (phys i ca 1 
adsorpt ion) ,  o r  by means o f  s t ronger  i n t e r a c t i o n s  of a more energe t i c  k i n d  
lead ing  t o  r e a c t i v i t y  w i t h  components on the sur face  of t he  s o l i d  (chemisorp- 
t i o n ) .  The l a t t e r  components may be q u i t e  d i f f e r e n t  f rom those found i n  t h e  
b u l k  o f  the s o l i d .  These may be i m p u r i t i e s  t h a t  l e a d  t o  e l e c t r i c a l - c h a r g e  
which may have been in t roduced du r ing  fo rmu la t i on  o f  t he  adsorbent m a t e r i a l ;  
these defects  may have been formed by  r e t e n t i o n  o f  gases du r ing  a c t i v a t i o n  o r  
pret reatment  o f  t he  sorbent.  

I n  Steps 3 and 4, t he  components may s t i c k  t o  the  sur face  

A q u a n t i t a t i v e  t reatment  o f  t h e  adsorp t ion  process requ i res  t h a t  the 
k i n e t i c s  o f  Steps I through 6 be examined i n  d e t a i l ;  i n  t he  general case, t h i s  
leads t o  mathematical complex i t ies .  A l l  o f  the mass t ranspor t  mechanisms and 
sur face  r e a c t i o n  s teps must be incorpora ted  i n t o  the  unsteady-state behavior  
o f  t he  bed. 
together  w i t h  the  m a t e r i a l  balance f o r  each contaminant. 
expressions assume t h a t  one s tep  i s  r a t e - c o n t r o l l i n g  and t h a t  t he  o t h e r  s teps 
a re  o f  n e g l i g i b l e  importance. Such analyses are u s u a l l y  inaccurate when 
app l i ed  t o  p r e d i c t i n g  bed behavior  over  a wide range o f  ope ra t i ng  cond i t ions .  
Also, the neg lec t  of heat e f f e c t s  i n  the  adsorp t ion  process (where these a re  
s i g n i f i c a n t )  can in t roduce ser ious  a n a l y t i c a l  d e f i c i e n c i e s .  

The energy balance f o r  t h i s  t r a n s i e n t  behavior  must be considered 
Most a n a l y t i c a l  

Fo l l ow ing  i s  a sketch o f  what i s  observed i n  a f i x e d  bed o f  adsorbent 
m a t e r i a l  du r ing  f low- through o f  the gaseous medium. Le t  t be t h e  t o t a l  t i m e  
s ince  the  i ncep t ion  o f  contaminant f l o w  and y the  concen t ra t i on  o f  t he  contam- 
inant  i n  the  e f f l u e n t .  The e f f l u e n t  stream e x h i b i t s  t he  f o l l o w i n g  schematic 
v a r i a t i o n  o f  y w i t h  t: 

-. z 
0 

I- 
H 

9 

!z 
H x a 
0 
0 

TIME, t 0 

The e f f l u e n t  w i l l  a t  f i r s t  have a smal l  concen t ra t i on  o f  the  contaminant; then 
y w i l l  increase u n t i l  i t  reaches the  c u r r e n t  va lue o f  t h e  i n l e t  y, and no 
removal i s  a f f o r d e d  by t h e  bed. 
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A s i m i l a r  s i t u a t i o n  w i l l  develop i n  t h e  bed p r i o r  t o  observance o f  these 
phenomena i n  the  e f f l u e n t .  I f  w i s  the concen t ra t i on  o f  t he  contaminant i n  
the  bed, the same wave p a t t e r n  as i n  the  above f i g u r e  w i l l  move down the  
l e n g t h  o f  t he  bed u n t i l  i t s  subsequent appearance i n  the  e f f l u e n t  stream. The 
l a t t e r  occurrence i s  termed breakthrough, and the  wave p a t t e r n  i s  c a l l e d  the  
adsorp t ion  wave. More d e t a i l e d  desc r ip t i ons  a re  g iven l a t e r  i n  t h i s  sec t ion .  

One o f  t he  major purposes o f  any s tudy i s  t development of accura te  
mathematical models i n c o r p o r a t i n g  the more important f a c t o r s  invo lved i n  
adsorpt  ion-desorpt ion processes. These models, used t o  cha rac te r i ze  adso rp t i on  
bed behavior, p rov ide  an inva luab le  bas is  f o r  design and o p t i m i z a t i o n  o f  . 
imp roved beds. 

ADSORPTION STEP 

Adsorpt ion may be de f i ned  as a phenomenon i n v o l v i n g  concen t ra t i on  o f  the  
adsorbable species a t  an i n te r face .  The i n t e r f a c e  i s  t h e  t h i n  reg ion  (on the  
order  o f  molecular  dimensions) between two b u l k  phases. The d iscuss ion  below 
i s  concerned w i t h  the  adsorp t ion  o f  a gas a t  the  i n t e r f a c e  between a s o l i d  and 
the  gas. 
c l a s s i f i e d  as ( I )  chemisorpt ion and ( 2 )  phys ica l  adsorpt ion.  These are 
extremes; i n  some systems, n e i t h e r  category i s  e n t i r e l y  s u i t a b l e .  Both  chemi- 
s o r p t i o n  and phys i ca l  adsorp t ion  may occur s imul taneously .  

I n  the  extreme, the  adsorp t ion  o f  a gas on a s o l i d  sur face  may be 

Chemisorpt ion may be de f i ned  as a process i n  which a chemical bond i s  
formed between a gas molecule, atom, o r  ion on t he  sur face  o f  t he  s o l i d .  Thus, 
chemisorpt ion i s  a process i n v o l v i n g  a major e l e c t r o n  t r a n s f e r .  The energet ics  
o f  chemisorpt ion are those c h a r a c t e r i s t i c  o f  chemical bond fo rmula t ion ;  t h e  
en tha lp ies  of chemisorpt ion may range upwards from 40 kca l  per  mole. Once the 
pr imary valence fo rces  o f  the  sur face  atoms o r  ions a r e  s a t i s f i e d ,  no f u r t h e r  
bonding can occur;  chemisorpt ion i s  thus r e s t r i c t e d  t o  the  fo rmat ion  o f  a 
monomolecular l a y e r  o f  adsorbed gas on the sur face  o f  t h e  s o l i d .  The thermo- 
dynamics o f  chemisorpt ion a re  e s s e n t i a l l y  r e a c t i o n  thermodynamics. The 
k i n e t i c s  o f  chemisorpt ion i nvo l ve  r a t e  expressions i n  the  concen t ra t i on  o f  gas 
and o f  sur face  s i t e s ;  a c t i v a t i o n  energ ies may be c a l c u l a t e d  f rom the  v a r i a t i o n  
o f  r a t e  constant  w i t h  temperature. 

I n  phys i ca l  adsorp t ion  the  fo rces  o f  i n t e r a c t i o n  between the  sur face  and 
the  adsorbed gas molecule a re  those respons ib le  f o r  the  fo rmat ion  o f  a con- 
densed phase from a gas phase. 
e r a b l y  lower i n  magnitude than those respons ib le  f o r  bond fo rmat ion  and are  
sho r te r  range forces.  Phys ica l  adsorp t ion  occurs when the  i n t e r a c t i o n  energies 
a r e  l a r g e  w i t h  respect t o  thermal energy and i s  most pronounced a t  temperatures 
below the  condensat ion temperature o f  t he  gas. The enthalpy o f  phys i ca l  adsorp- 
t i o n  (except- a t  ext remely low sur face  coverage) i s  on the  o rde r  o f  t he  enthalpy 
of condensation. Phys ica l  adsorp t ion  i s  u s u a l l y  po lymolecular  i n  nature.  
These two extreme types o f  adsorp t ion  a re  considered i n  f u r t h e r  d e t a i l  below, 
and at tempts are made t o  p o i n t  ou t  the  r e l a t i o n  between thermodynamic proper-  
t i e s ,  r e a c t i o n  k i n e t i c s ,  and adsorp t ion  and desorp t ion  phenomena. 

The fo rces  (van der Waal's f o rces )  a re  consid- 
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The determinat ion  of  these r e l a t i o n s h i p s  w i l l  permi t  a b e t t e r  understand- ' 

i n g  o f  t he  bas i c  phenomena invo lved  i n  the adsorp t ion  processes and, therefore,  
w i l l  make p o s s i b l e  the  u t i l i z a t i o n  o f  adsorbents p a r t i c u l a r l y  e f f i c i e n t  i n  
removing se lec ted  contaminants. 

There e x i s t  b a s i c a l l y  t w o  complementary avenues lead ing  t o  the  e x p l o r a t i o n  
and b e t t e r  understanding o f  t he  adso rp t i on  and desorp t ion  phenomena. One i s  
concerned w i t h  the  macroscopic e q u i l i b r i u m  o r  s t a t i s t i c a l  aspect o f  adso rp t i on -  
(thermodynamics and chemical k i n e t i c s ) ,  w h i l e  t h e  o t h e r  deals w i t h  the  micro-  
scopic  aspect i n  which the  i n d i v i d u a l  adsorbate molecules are  considered i n  
r e l a t i o n  t o  the  adsorbent as a semiconductor ( e l e c t r o n i c  theory o f  chemisorp- 
t i o n )  o r  as p o l a r i z a t i o n  and sur face  d i spe rs ion  (phys ica l  adsorpt ion) .  

Examples o f  t h e  f i r s t  approach f o l l o w  below, which w i l l  y i e l d  some i n s i g h t  
concern ing the  heats o f  adsorpt ion.  
molecular  s ieves has been thrown open t o  controversy.  
assoc iates ma in ta in  t h a t  an e l e c t r o s t a t i c  r a t h e r  than a molecular  s i z e  e f f e c t  
governs the  adsorp t ion  s e l e c t i v i t y  o f  t he  molecular  s ieves. Others contes t  
t h i s  asse r t i on .  The designated references B5, S5, and B3)e c o n t a i n  the  d e t a i l s  
o f  t h i s  d iscuss ion.  

The microscopic  aspect w i t h  regard t o  
For example, Benson and 

Thermodynamics o f  Adsorpt ion 

The thermodynamics o f  t h e  r e v e r s i b l e  adsorp t ion  s tep  a re  o u t l i n e d  i n  
Appendix C f o r  systems c o n s i s t i n g  o f  one adsorbate, and employing the  method 
o f  ' ladsorpt ior! thermodynamics"%hich i s  equ iva len t  t o  the  method o f  I ' so lu t  ion  
thermodynamics 

#rW$ 
and t h e  Gibbs i an  "sur face  excess" method. 

The v a r i e t y  o f  d i f f e r e n t  t reatments and the  d i f f e r i n g  i n t e r p r e t a t i o n s  of 
sur face  energy and q u a n t i t i e s  o f  exper imental  s i g n i f i c a n c e  a r i s e  f rom d i f f i -  
c u l t i e s  i n  s u i t a b l y  d e f i n i n g  the  sur face  o f  separa t ion  o r  sur face  o f  tens ion.  
As a case i n  po in t ,  some workers r e c e n t l y  determined t h a t  t he  i n t e r f a c i a l  
th ickness and composi t ion i n  i t  a re  no t  independent var iab les ,  b u t  are.governed 
by  the  thermodynamic necess i t y  o f  m in im iz ing  the  su r face  l a y e r  f r e e  energy. A 
comprehensive t reatment  o f  these problems i s  found i n  a monograph by Hil l,H14. 

The remainder o f  t h i s  d iscuss ion  supplements Appendix A i n  t h e  l i g h t  o f  
t he  aforement ioned v iewpoints .  

Equations (A - I  I )  and (A-12 )  o f  Appendix A f u r n i s h  the  thermodynamic bases 
f o r  phase e q u i l i b r i u m  and t h e  adsorp t ion  isotherm, respec t i ve l y .  They w i l l  
now be r e l a t e d  t o  p r a c t i c a l  measurement o f  heats  o f  adsorpt ion.  

- 
+'The designated references a re  1 i s t e d  i n  the  Bib1 iography p a r t  o f  Sect ion 3. 

WgAdsorption thermodynamics deals o n l y  w i t h  the  adsorbate; i.e., the  adsof-  
bent  i s  cons idered i n e r t .  

4'HSo1ut i on  thermodynamics considers b o t h  components, i.e., the  adsorbent 
and the  adsorbate. 
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Def i ne 

for the adsorbed phase. 

By a Maxwell relation, neglecting changes in V s  or properly locating the 
surface in the Gibbsian manner, 

Where constant a and I! are replaced by their equivalent, r. 
For the gas phase 

Consequently, 
3%. 

[% -(A T,a] 

(%Ir = “.‘c 
This is the analogue of Gibb’s expression. 

numerator is the isosteric heat of adsorption (qSt). 
results fol low from sol ut ion thermodynamics when the constant ”ar’ condition 
is visualized as arising from the pure solid condition in the same state of 
subdivision as the adsorbent, Reference (H-13); i.e., the specific surface 
(cm2/gm) remains constant with the addition o f  more adsorbent. 

heat o f  adsorption with no PV work, can be expressed as follows: 

T times the quantity in tile 
The same and other ensuing 

Utilizing Equations ( A - 2 )  and ( A - 1 4 )  of Appendix A, qd, the isothermal 

Neglecting V s  as before, 

+&The symbols used in this discussion are introduced in Appendix A and are 
taken from the thermodynamical presentation found there. 
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or 

The quantity qd is commonly called the differential heat of adsorption. 
For isothermal reversible measurement of the heat of adsorption with external 
PV work,as is the common situation, qth is obtained. Proceeding in a fashion 
similar to the last case, 

Multicomponent adsorption relations can be dealt with in a fashion 
analogous to that in Appendix A if Equation (A-2) is now wriitten 

Surface Kinetics and Equilibrium (Isotherms) 

The velocity qf adsorption depends basically on three factors: 

The rate of collision with the surface 

The probability of collision on available sites 

The activation energy E involved in adsorption 

Several theories have been advanced for the adsorption process. One such 
theory, developed by DeBoer and coworkers, References D2 through D7, K I O  and 
K l I ,  deals with the residence time of an adsorbed molecule on the surface of 
the adsorbent; it is limited to very low surface coverages. Theories of the 
Langmuir type define the rate of .adsorption in the following manner. 

Similarly, for the rate of desorption 
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where u 

U '  

(T 

P 

m 

k '  

T 

f(@> 

f'(0) = 

- E - 

At equi 1 ibrium 
written: 

velocity of adsorption 

velocity of desorption 

condensation coefficient 

partial pressure of the adsorbate gas 

mass of the gas molecule 

gas constant 

abso 1 u te t empe rat u re 

probability of collision at available sites 

probability of escape from the sites 

activation energy 

fraction of surface covered 

velocity constant 

sum of activation energy and heat of adsorption, E' = E f q 

coefficient depending on temperature alone 

heat of adsorption = q(6),  in general 

u = u t ,  and the equation of .the adsorption isotherm may be 

Specific isotherms may be derived from this expression by inserting appropriate 
expressions for f ( 0 )  and f ' ( 6 ) .  , 

Among the assumptions Langmuir made in his work were: 

(a) The surface is homogeneously available. 

( b )  No interference exists between adsorbed neighbors. 

As a consequence, f ' ( 6 ) / f ( 6 )  was taken equal to e/( 1-0) and q independent of 
0 and any i nhomogene i t i es of the surface. 
combining the various constants together,is 

The resu 1 t i ng express ion, after 
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If it is further assumed, in the multilayer case, that q for the successive 
layers is the heat of liquefaction, the result is the BET equation, upon wh 
one of the standard methods of surface area determination i s  based. If it 
assumed that q fa1 1s logarithmically as 8 increases, another characteristic 
isotherm is obtained which describes better the adsorption phenomena in the 
case of surface heterogeneity (Freundl ich isotherm). If, moreover, it is 

ch 
S 

assumed that the heat of adsorption decreases linearly with 9, a Tempkin iso- 
therm is obtained which Getter describes the adsorption phenomena in particular". 
cases. For substances with small pore radii such as some forms of silica gel, 
capil1ary.condensation becomes important at fairly high coveraqes. The appro- 
priate expression for this phenomena is given by Equation (A-12) (see the 
presentation of the thermodynamics of adsorption in Appendix A). 

These brief considerations illustrate the relationship between the shape 
of the adsorption isotherms and the phenomena of adsorption in relation to 
such parameters as number of vacant sites, number of adsorbed layers, etc. A 
fairly recent and complete review of these relationships is contained in 
Reference KIO. 

The following paragraphs constitute a brief review of the microscopic 
picture. 

Chemisorption 

' Chemisorption may be considered as a process involving the formation of 
a chemical bond between the adsorbed gas molecule and an atom or ion on the 
surface of the solid. The enthalpy O F  adsorption i s  high; consequently, at 
equilibrium, there is a large difference in entropy between the adsorbed moie- 
cules and those i n  the gas phase. Chemisorption possesses the specificity 
characteristic of chemical reactions. If  the chemisorption process i s  revers- 
ible, it may be treated by the conventional technics of classical thermody- 
namics; if the process is irreversible, the thermodynamic treatment must be 
based upon the energetics of chemical bond formation and an estimate of the 
nature of the bond formed in the adsorption process. Calorimetric methods are 
suitable for the determination of enthalpies for both the reversible and irre- 
versible processes. 
(less thar, IOm7 torr); the kinetics are a function of the pressure. At pres- 
sures exceeding IOe6 torr, the adsorption process-is usually complete in a 
matter of seconds. Chemisorption, it is again emphasized, is restricted to 
the formation of a monomolecular layer of adsorbed gas. 

Normally, chemisorption occurs slowly a t  very lbw gas pressures 

The magnitude of the heat of adsorption is the most significant single 
property of a particular adsorption phenomenon because the determination of 
the entropies and enthalpies of chemisorption gives important information on 
the structure of the solid adsorbent, the nature of the surface bond, the 
amount of coverage, the possible catalytic activity, etc. Moreover, it must 
be noticed that there is evidence that each of the three main types of chernical 
bonds (the ionic, covalent, and co-ionic) may be formed in Chemisorption. 
ionic bonds, the ease of passage of electrons across the surface plane, i.e., 
the magnitude of the work function, may decide both the esse of formation and 
strength of the bond. Covalent bonds can be formed only if the adsorbent 
possesses orbitals with unpaired electrons capable of entering into covalence. 

For 
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Coordination, with electron donation to the adsorbent, requires the latter to 
have a vacant orbital capable of receiving the pair. For this reason, the 
nature of the surface bond formed in the adsorption of a-pafticular molecule 
depends very largely Upon the electronic structure of the adsorbent. 

The high heat of  adsorption of CO, on the natural zeolite chabazite (ca 

' 

409 to 573 5tu per lb) reported by Kington and Macleod (Reference K4) appears 
consistent with the findings of 5ertsch and Hubgood ('Reference 66), i,e., 
that carbon dioxide is chemisorbed on the Linde X zeolites in the low coverage 
region. It is interesting to note that fo,r a fully dehydrated Linde lype 13X 
molecular sieve, the adsorption of C O 2  is extremely Slow at 25OC below 0.3 mm 
Hg (i.e., each isotherm point requires periods in excess o f  60 hr to equili- 
brate). 
equilibrium i s  reached within minutes, probably as a result of the water mol- 
ecules acting as a catalyst for the chemisorption step. 

However, when a small quantity o f  water is initially present, true 

Physical Adsorption 

The short-range forces responsible for physical adsorption may be further 
classified according to their origin into ( I )  dispersion forces, (2 )  dipole 
(or quadrapole)-dipole forces, ( 3 )  dipole-induced dipole forces, ( 4 )  ion-dipole 
forces, etc. Although the pair dispersion forces vary with the inverse sixth 
power o f  the distance between centers, the total interaction of a gas molecule 
with all the atoms in a solid is described in terms of an inverse fourth power 
relation (inverse third power in energy). 
tion processes are on the order of  enthalpies of vaporization. 
adsorption is normally appreclable only at temperatures below the critical tern- 
perature of the adsorbate; the extent of adsorption increases with decreasing 
temperature. 
layers at higher equi 1 ibrium pressures, and the pressure range in which appre- 
ciable physical adsorption occurs is generally considerably greater than the 
range for chemisorption. 

The enthalpies of physical adsorp- 
Physical 

Adsorption generally leads to the formation of polyinolecular 

Many theories have been advanced to explain physical adsorption.. These 
theories cover a wide range. At one extreme is the establishment of a detailed 
model on a molecular basis and the application of statistical methods to obtain 
the observed thermodynamic functions; at the other, analogies are drawn between 
the behavipr of films on solids and monomolecular films on liquid subphases. 
Here only a few of these theories are listed: 

The Hill theory, which eventually leads to the partition function 
for the adsorbed molecule placed in the perturbing field of the 
surface. Reference H 14. 

The potential theory, which is especially useful in correlating 
adsorption behavior as a function of temperature; the approach is 
quasi-thermodynamic. Reference PI. 
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The theory of Brunauer, Emmett,and Teller, which is actually an 
extension of the Langmuir treatment to polymolecular adsorption. 
This theory forms the basis for the most commonly employed method 
in the determination of the specific surface areas of solids. 
Reference B -15. 

The theory of Harkins and Jura, which is essentially a thermodynamic 
description of the surface phase in terms of an equation of state; 
this theory also affords a means for measuring the specific surface 

1 .  

I- 

I.- 

f - *  

1 
1 I 

f" ! area of a solid. Reference H2. 

Mention has a1 ready been made of the electrostatic theories o f  molecular sieves 
by Benson and coworkers, Reference 85. 

ANALYSES OF ADSORPTION BED DYNAMICS f'- 

The six basic phenomena listed in the introduction will now be examined i 
from the dynamic point of view. 

i-- 

! -  
I .. 

i 

The basic theories of material, energy and mass transport for a homoge- 
neous phase,are fairly well understood. The understanding of interphase 
transport is not as well established, References 68, B9, BIO, and 811. Most 
of the ideas of transport theory are derived from the thermodynamics of 
irreversible processes, References D9 and F I .  

Many of the physical phenomena encountered i n  sorption bed analysis depend 
upon transport theory. 
the most critical phenomena for the analysis, A general review of the litera- 
ture .(see Section 3,Resume of Literature), indicates that many operations 
carried out in fixed beds in which there is fluid-solid contact (such as ion- 
exchange, chromatography, and regeneration heat exchange with a bed of broken 
sol ids) involve similar phenomena and are directly appl icable to sorption pro- 
blems, since the fundamental mathematical analysis i s  the same. 

Mass Balances 

Mass transport by diffusion and convection are among 

Based upon transport theory referred to above, mass balances in the fluid 
In considering the flow through the granular stream will be considered first. 

bed, overall macroscopic balances such as are detailed in Reference B9 are in 
order. However no information as to the adsorption process would be forth- 
coming. In the chapter on macroscopic balances of Reference 810, however, a 
further refinement is made in which the volume space i s  subdivided into a 
fluid space and the solid space. Mass balances can then be written fer each. 

A general theoretical approach to diffusional mass transfer has been sum- 

In this case of the fixed bed, the same analysis has been applied 
marized in Appendix B for a homogeneous isotropic fluid with regular phase 
boundaries. 
to flow in the interstices of the packed bed. 
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Consider the  f l ow  o f  f l u i d  through the  bed whose f r a c t i o n  o f  vo ids  i s  e*. 
L e t  the  average s u p e r f i c i a l  v e l o c i t y  be v, i.e., the  vo lumet r ic  f l o w  r a t e  per  
u n i t  c ross-sec t iona l  area o f  t he  c y l i n d r i c a l l y  shaped bed. I t  i s  assumed here  
t h a t  v i s  constant  and i n  the  d i r e c t i o n  o f  the  c y l i n d r i c a l  ax is .  As discussed 
i n  Appendix B, v, the  average v e l o c i t y  based Upon the  p a r t i a l  s p e c i f i c  volume 
average, can be taken t o  be constant  i n  t h e  a x i a l  d i r e c t i o n ,  s ince  t h e  l o c a l  
acce le ra t i on  terms vanish.; and the  pressure grad ien t  i s  assumed not too  grea t .  

Fur ther ,  l e t  C be the  mass concen t ra t i on  i n  the  b u l k  f l u i d  stream and R 
t he  o v e r a l l  r a t e  o f  contaminant disappearance i n t o  t h e  s t a t i o n a r y  phase per  
u n i t  volume of  bed. 
l a t e d  o n l y  i n  the  a x i a l  d i r e c t i o n  was computed. I n  these ca l cu la t i ons ,  t h e  
d i f f u s i o n  c o e f f i c i e n t ,  which w i l l  be designated here  as E, i s  d i f f e r e n t i a t e d  
from o the rs  discussed i n  Hppendix B, when a r e g u l a r l y  bounded phase was con- 
s idered.  E i s  commonly c a l l e d  the  l o n g i t u d i n a l  d i spe rs ion  c o e f f i c i e n t  f o r  
t ranspor t  processes i n  packed beds and i s  f r e q u e n t l y  measured by  t r a c e r  tech- 
niques. I n  general, i t  may be due t o  bo th  molecular  and t u r b u l e n t  t ranspor t .  

The r a t e  o f  change o f  d i f f u s i v e  f l u x  w i t h  d is tance postu- 

By meanstof a mass balance analogous t o  the  one descr ibed i n  Appendix B, 
t h e  f o l l o w i n g  i s  t h e  most general equat ion w r i t t e n .  I-̂  c .  

I '  
i ,  

i. 

" 

(4.-  1 ) 

D ispers ion  i n  a l l  bu t  t he  X d i r e c t i o n  i s  neglected. Th is  equat ion s t a t e s  
t h a t  t he  r a t e  o f  change o f  t h e  adsorbate i n  an element o f  b u l k  stream f l u i d  
p l u s  the  amount convected out ,  p lus  the  r a t e  o f  disappearance out  o f  t he  b u l k  
stream, i s  equal t o  t h e  ne t  d i f f u s i v e  i n f l u x  i n t o  the  element. Equat ion ( 4 - 1 )  
i s  s i m i l a r  t o  most o f  t he  "one dimensional" d i f f u s i o n  equat ions.  The c r i t i c a l  
term i s  R the  r a t e  o f  disappearance from the  b u l k  stream. The manner i n  

which RT i s  w r i t t e n  v a r i e s  throughout t h e  l i t e r a t u r e  depending upon the  assump- 

t i o n s  and s i m p l i f i c a t i o n s  t h a t  a re  made. An i n i t i a l  u n i f i e d  approach w i l l  be 
sketched here, and then the  v a r i a t i o n s  on the i n p u t  va r iab les  w i l l  serve t o  
in t roduce the  approaches and s i m p l i f i c a t i o n s  repo r ted  i n  the  references. 

T' 

Be fore  going on t o  examine t h i s  r a t e  i n  detai1,some v a r i a t i o n s  o f  t h e  
preceding mass equat ion  w i l l  be reviewed. Funk and Houghton, References F5, 
F6,and F7, i n  t h e i r  ana lys i s  o f  g a s - l i q u i d  p a r t i t i o n  chromatography rewrote 
Equat ion ( 4 - 1 )  above i n  terms o f  the  mole f r a c t i o n  N and t o t a l  pressure P. 

+'Symbols a re  1 i s t e d  and s y s t e m a t i c a l l y  def ined i n  the  Nomenclature a t  t he  end 
o f  t h i s  s e c t i o n  f o r  t he  dynamical equat ions w r i t t e n  hencefor th .  
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This  r e s u l t  i s  ob ta ined i f  i d e a l  gas laws a re  used i n  s u b s t i t u t i o n  f o r  t he  
concen t ra t i on  C where 

where M i s  the  molecu la r  weight  o f  t h e  contaminant and R t h e  un ive rsa l  gas 
G 

constant.  

The assumption i s  made, o f  course, o f  isothermal  opera t ion .  
i s  t r e a t e d  as a constant  and the  subs tan t i ve  d e r i v a t i v e  o f  P i s  assumed t o  be 
zero. 

R i s  t he  disappearance r a t e  now i n  terms o f  t h e  mole f r a c t i o n .  M 
I n  add i t i on ,  v 

( 4 - 4  1 
3P 
ax The pressure drop gradient,-,is r e l a t e d  by  the  authors t o  Darcy 's  law f o r  the  

f l o w  o f  f l u i d s  through porous media, Reference B I I ,  p .  150. 

aP V = const  - ax ( 4 - 5 )  

Another approach i n  which the  e f f e c t s  o f  pressure change a r e  incorporated 
i n t o  the  mass balance i s  t he  one used i n  AiResearch computer program S9960 and 
descr ibed . in  Sect ion 7. I n  i t  the t ime v a r i a t i o n  o f  pressure i s  n o t  neglected 
so as t o  p rov ide  a bas i s  o f  a n a l y s i s  fo r  vacuum induced desorpt ion.  Pressure 
e f f e c t s  a r e  in t roduced p a r t l y  through the  idea l  gas laws and p a r t l y  by incor -  
p o r a t i o n  o f  the  f a c t o r  F which r e l a t e s  the  pressure drop i n  packed beds t g  t h e  
f l o w  v e l o c i t y  by means of the  Ergun equation, Reference B I O ,  p. 200. For our  
purposes 

I a P  J P--- 

'Ir ax ( 4 - 6 )  

While the  i n i t i a l  m a t e r i a l  balance i s  w r i t t e n  i n  terms o f  t o t a l  f l u i d  stream 
molar concen t ra t i on  C M' 

B y  i dea l  gas law 

P 
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The l a s t  express ion i s  s u b s t i t u t e d  f o r  CH. i n  t he  l e f t  hand s i d e  of(k-I),whiIe 

v i s  r e w r i t t e n  i n  terms o f  F as in(4-61). The v e l o c i t y  v '  i s  based upon f l o w  
i n  the  v o i d  space. 

The resu l  t i  ng express i o n  i s 

(4-9 1 -=- -  P m + -  P Z  i 
T at 

Lonq i tud ina l  d ispers ion ,  as can be seen, has been neglected. The dependence - 
aT 
a t  upon temperature c a l l e d  f o r  e x p l i c i t l y  by  - and i m p l i c i t l y  by m i s  p rov ided 

by a simultaneous energy balance equat ion.  

Both t reatments i n v o l v i n g  pressure drop go on t o  l i n k  the  t r a n s f e r  ra tes .  
embodi'ed i n  R o r  m t o  cond i t i ons  i n  the  s t a t i o n a r y  phase i n  manners f a i r l y  T 1 

t y p i c a l  of the  l i t e r a t u r e  summarized i n  Sect ion 3, Resume o f  L i t e r a t u r e .  How- 
ever, because of  the l i n k i n g  o f  pressure drop and temperature v a r i a t i o n  d i r e c t l y  
i n t o  the  f l u i d  phase mass balance i n  a non l i nea r  fashion, the s o l u t i o n s  a r e  
necessa r i l y  numerical and ob ta inab le  p r a c t i c a l l y  o n l y  by computer programs. 

The r e s t  o f  t h i s  s e c t i o n  w i l l  be devoted t o  develop ing expressions f o r  
t h e  m a t e r i a l  balance s o l u t i o n  when changes i n  pressure drop and temperature 
can be neg lec ted  as d u r i n g  the  adsorp t ion  p a r t  of a regenerable bed cyc le .  
The in terphase mass t r a n s f e r  concepts i n  the  l i t e r a t u r e  w i l l  a l s o  be i l l u s t r a t e d  
thereby, and i n  add i t i on ,  t he  a n a l y t i c a l ,  c losed form s o l u t i o n s  w i l l  p rov ide  
some i n s i g h t  as t o  the  r e l a t i v e  importance of  the  var ious  dynamical steps. 

In te rphase Mass Trans fer  

Three major  s teps t h a t  remain t o  be examined a re  summarized i n  the  i n t r o -  
duct ion.  They a re  repeated and a m p l i f i e d  upon here  f o r  purposes o f  c l a r i t y .  

1 .  Mass T rans fe r  Between t h e  F l u i d  Stream and t h e  P a r t i c l e s  of  t he  Adsorbent 

Th is  process is termed " i n t e r p a r t i c l e  d i f f us ion "  by  Masamune and S m i t h ,  
Reference M5. I t  i s  u s u a l l y  w r i t t e n  as a f i r s t  o rde r  o r  l i n e a r  r a t e  law 
employing a r a t e  constant  t h a t  i s  t h e  fami 1 i a r  'If i l m  c o e f f i c i e n t ' '  f o r  i n t e r -  
phase mass t r a n s f e r  a t  low t r a n s f e r  rates,  Reference B i t ,  Chapter 21. 

2.  D i f f u s i o n  Throuqh the  Pores o f  t he  Sorbent 

Th is  phenomena is termed " i n t r a p a r t i c l e  d i f f u s i o n "  i n  Reference M5 by 
way o f  c o n t r a s t  w i t h  the  preceding one. 
surfaces c o n s i s t s  o f  an i n t r i c a t e  network o f  pores whose boundaries c o n s t i t u t e  
the  extended sur face  area o f  t he  sorbents.  D i f f u s i o n  equat ions a re  w r i t t e n  
u s u a l l y  i n  terms o f  a pore  d i f f u s i o n  c o e f f i d i e n t .  

The major  p o r t i o n  o f  t h e  p a r t i c l e  

Th is  c o e f f i c i e n t  can 
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u s u a l l y  be determined o n l y  exper imenta l ly ,  Reference M4. I t  i s  a t r u e  t r a n s p o r t  
p roper t y  o n l y  i n  t h e  case o f  very  f i n e  and un i fo rm pores (Knudsen d i f f u s i o n ,  
see Chapter XV o f  Reference 09). 
t he  p a r t i c l e s  a r e  assumed t o  be o f  un i fo rm size,  spher i ca l  i n  shape,and wi th  
un i fo rm pore  s t r u c t u r e .  D i f f u s i o n  equat ions a r e  w r i t t e n  i n  which o n l y  r a d i a l  
concen t ra t i on  grad ien ts  a r e  taken i n t o  account. Ke l ' t sev ,  Reference K3, however, 
cons iders d i f f u s i o n  i n  c y l i n d r i c a l l y  shaped p a r t i c l e s  i n  h i s  s tud ies  o f  
desorp t ion  of carbon d i o x i d e  and water f rom molecular  s ieves. 
g rad ien ts  a r e  fo rmula ted  f o r  b o t h  the  c y l i n d r i c a l l y  r a d i a l  and t h e  a x i a l  
d i r e c t i o n s  i n  the  p a r t i c l e s .  He considers t h i s  mechanism exc lus i ve l y .  

I n  most o f  t he  t reatments i n  t h e  l i t e r a t u r e ,  

Concentrat ion 

3. Adsorpt ion/Desorpt ion Rates a t  t h e  Extended Surfaces 

Th is  s tep of the  process deals  w i t h  the k i n e t i c s  of a l t e r n a t e l y  s t i c k i n g  
or evapora t ing  from the  ex tens ive  sur face  area o f  the p a r t i c l e s .  
mations,in the  l i t e r a t u r e  assume such r a p i d i t y  t o  t h i s  dynamic s tep  t h a t  equi -  
l i b r i u m  r e l a t i o n s  as discussed i n  t h e  beginning o f  t h i s  s e c t i o n  a r e  w r i t t e n  
f o r  i t  (see Sect ion 3, Resume o f  L i t e r a t u r e ) .  Other t reatments ass ign  e i t h e r  
a f i r s t  o r  second order  r a t e  law such as Langmuir k i n e t i c s  t o  t h i s  step. H i l l ,  
Reference HI3, p.  217, shows t h a t  i n  the  l i m i t  o f  low gas phase p a r t i a l  pres- 
sures the  adso rp t i on  s tep i s  l i n e a r .  The thermodynamics of i r r e v e r s i b l e  
processes a l s o  asse r t s  t h a t  a t  s ta tes  n o t  too f a r  f rom equ i l i b r i um,  k i n e t i c  
r a t e  laws should be l i n e a r .  I t  should be noted, however, t h a t  Hobson and 
Armstrong, Reference H15, i n  t h e i r  u l t r a h i g h  vacuum i n v e s t i g a t i o n s  were no t  
r e a d i l y  a b l e  t o  c o n f i r m  i i i T l ' s  theorem. 

Some approx i -  

F igures  4-1 and 4-2 c o n t a i n  sketches o f  the steps and some o f  t h e  
customary a n a l y t i c a l  s i m p l i f i c a t i o n s .  Symbols a re  de f i ned  i n  succeeding t e x t  
and the Nomenclature Sect ion.  F igu re  4 - 3  represents  a t y p i c a l  e q u i l i b r i u m  
isotherm a t  low sur face  coverage. 

Remainder o f  In te rphase and Granular P a r t i c l e  Mass Transfer  Ana lys is  

Le t  kF be the  mass t r a n s f e r  c o e f f i c i e n t  f rom the  b u l k  stream t o  the  
The concen t ra t i on  o f  f l u i d  d i f f u s i n g  through the  pores o f  t he  p a r t i c l e  pores.  

p a r t i c l e s  t h a t  make up t h e  bed i s  designated by r. 
descr ibes the t r a n s f e r  f rom the  b u l k  stream t o  the  f l u i d  i n  the pores: 

Then the  f o l l o w i n g  equat ion 

( 4 -  IO) 

where A i s  the t o t a l  gross geometr ic area o f  the  bed p a r t i c l e s  pe r  u n i t  volume 
and C a  i s  t he  concen t ra t i on  a t  the  i n t e r f a c e .  
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Figure 4-1. Particle Arrangement in Fixed Bed (Particles of 
Sorbent Are Assumed to Be of Uniform Size and 
Arrangement in Bed) 
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Figure 4-2. Single-Part icle Physical Parameters 
and Related Concentrations . 
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The mean external area of the particles per total volume o f  bed i s  
expressed in the fol lowing manner. 

3(\ - 4 
A =  CL 

Consequent 1 y, 

' (4- I I ) 

(4- 12)  

The next step of the process is diffusion within or along the pores while 
matter is constantly adsorbing or desorbing on the surfaces of the pores. 

- In general in diffusion through the pores, C is a function of the radial 
distances in a pel.let as well as o f  the length along the bed X and the time t. 

e = c (h, x,t) (4- 

The usual approximation that is made is that the diffusion in the pores is 
spherical and-r, therefore, is the radial coordinate. What is meant, then, 
the notation Ca is the following: 

3 )  

( 4 - 1 4 )  

- 
where a is the mean particle size radius in the bed. 
concentration corresponding to the bulk fluid stream. 

surface can be related to ? in the pores by the familiar relation 

Ca is the interfacial 

At steady state, the boundary condition on the pore diffusion from the 
. 

( 4 - 1 5 )  
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where Di i s  t h e  c o e f f i c i e n t  o f  pore d i f f u s i o n .  
m i g r a t i o n  as w e l l  as volume movement through the  pores, References M4 and M5. 

I t  may depend upon sur face  

The mass balance o f  the  d i f f u s i n g  substance i n  t h e  pores i s  s i m i l a r  t o  
t h e  one w r i t t e n  f o r  the b u l k  stream, except t h a t  spher ica l  symmetry i s  now 
assumed and t h e  average convec t ive  v e l o c i t y  i s  zero.* 
t h e  bed p a r t i c l e  and P 

I f  @ i s  t h e  p o r o s i t y  o f  
i t s  densi ty,  , t h e  f o l l o w i n g  may be w r i t t e n  

P 

(4 -16 )  

where w i s  t h e  mass adsorbed a t  t h e  pore sur face per  u n i t  mass o f  adsorbent. 

F i n a l l y ,  the  r a t e  o f  change o f  w can be expressed i n  t h e  equat ion t h a t  
f o l l o w s .  ( I n  t h i s  equation, w i s  g iven by a f u n c t i o n a l  r e l a t i o n  between C and 
w and includes some o t h e r  p o s s i b l e  parameters., such as the  r a t e  constant  f o r  
adsorp t ion  k, the  sur face area per u n i t  mass o f  adsorbent S ,  t h e  monomolecular 
capac i ty  w’: and the  adsorp t ion  equi 1 i b r i u m  constant  k.) 

To g i v e  the  p’receding equat ion some substance, a p a r t i c u l a r  example i s  s e t  
f o r t h  below. Assume a process o f  Langmuir k i n e t i c s .  The r a t e  o f  adsorpt ion 
is p r o p o r t i o n a l  t o  the  f r a c t i o n  o f  unoccupied sur face  and a l s o  t o  t h e  conceri- 
t r a t i o n  o f  adsorbate i n  t h e  f i u i d .  The r a t e  o f  desorp t ion  i s  p r o p o r t i o n a l  t o  
t h e  amount o f  sur face  t h a t  i s  covered. The net  r a t e  o f  adsorp t ion  i s  then 

For the  case o f  low coverage dep ic ted  i n  F i g u r e  4 - 3 ,  

1 

I .  

+‘Appendix B develops some o f  t h e  j u s t i f i c a t i o n  f o r  t h i s  assumption. 

( 4 - 1 7 )  
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1, and f o r  t h i s  approximation, t he  preceding equat ion assumes t h e  l i n e a r  form 

( 4 - 1 8 )  

For boundary and i n i t i a l  cond i t ions ,  the  fo rego ing  system o f  equat ions 
must be comp’leted by  assuming o r  p o s t u l a t i n g  the i n i t i a l  and boundary cond i t i ons  
f o r  the whole column o f  adsorbent bed. 

I n  t h e i r  more general form, these cond i t i ons  a re  as fo l l ows :  ( I )  a t  the  
beg inn ing  o f  t h e  process the  adsorbe’nt p a r t i c l e s  may have some i n i t i a l  concen- 
t r a t i o n  d i s t r i b u t i o n ,  and ( 2 )  t h e  i n l e t  stream may a l s o  have a t ime v a r i a t i o n .  
As a consequence, the  most general  se t  o f  boundary and i n i t i a l  cond i t i ons  i s  
developed now. 

For the  concent ra t ion  of the mobi le  b u l k  stream, the  general  i n i t i a l  
c o n d i t i o n  may be w r i t t e n  as 

c ( x ,o )  = c .  ( x )  ( 4 - 1 9 )  

where Ci(X) i s  i t s  i n i t i a l  concen t ra t i on  d i s t r i b u t i o n .  
r e l a t i o n s h i p  may be w r i t t e n  

Also, the  f o l l o w i n g  

( 4 - 2 0 )  

The preceding equat ion s t a t e s  t h a t  t he  i n l e t  concen t ra t i on  i s  C o ( t ) ,  i n  
general, a f u n c t i o n  o f  time. 

A na tu ra l  assumption f o r  t h e  case where the  f i x e d  bed column i s  very  long 
i s  t h a t  the  concen t ra t i on  shou ld  approach zero a t  t he  e x i t ,  v i t :  

c (-,t) 0 (4 -21  ) 

For the  adsorbed species, the  ge’neral i n i t i a l  c o n d i t i o n  c o u l d  be taken as 
f o l  lows: 

( 4 - 2 2 )  
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where the initial distribution wi is a function of r and X and can be related 
to that of the diffusing species concentration in the porous substructure. 

For the concentration of diffusing species’in the pores, 

already has been implied as the initial condition, and 

(4-23) 

(4-24) 

since? is symmetrical with respect to the radius r of the porous bed particle. 
This last condition also assumes that Equation(4-16)wi11 have a bounded solu- 
tion at r = 0. Finally, the boundary condition on C at the particle exterior 
r = a is Equation (4-15), where Ea is defined by Equation (4-14). 

Table 4-1 is a summary of the general equations for fixed bed adsorption 
given thus far, plus some variations of them that are easily derived. 
generalities, although formidable enough in their appearance, result nevertheless 
from the following simplifying assumptions. 

These 

The process is isothermal. The effects of heats of adsorption are 
neglected. 

Only the adsorption of one component is considered. Thus, the 
effects of humidity, for example, have been ignored. 

The density of the gas flowing through the bed is assumed cohtant. 

The velocity is assumed to be constant over a cross-section normal 
to the longitudinal axis. 

The velocity is unaffected by the rate of mass transfer to the 
stationary bed. 

Radial diffusion of mixing in the mobile phase i s  neglected. 

The effects of pressure drop on velocity are neglected. 

Effective averages of particle size and pore volume,are assumed. 

On the basis of Equation (4-141, Equation ( 4 - 2 5 )  i s  an expression of the 
continuity of fluid phase interfacial concentration whether based upon the 
bulk stream or on the pore spaces. 
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TABLE 4-1 

SUMMARY OF GENERAL EQUATIONS FOR ADSORPTION IN F I X E D  BEDS 
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(4-1 1 

(4-1 2 )  

( 4 - 1 9 )  

( 4 - 2 0 )  

(4-21 ) 

( 4 - 1 6 )  

( 4 - 2 3 )  

( 4 - 2 4 )  

( 4 - 1 4 )  

(4-1 5 )  

( 4 - 2 2 )  

* ( 4 - 1 7 )  

( 4 - 2 5 )  



General A n a l y t i c ’  S o l u t i o n  f o r  Isothermal  So rp t i on  

Based upon the  d iscuss ion  j u s t  concluded f o r  t he  var ious  mass balances 
invo lved i n  s o r p t i o n  bed dynamics, t he  f o l l o w i n g  i s  a resume o f  t h e  a n a l y t i c  
s o l u t i o n  ob ta ined  keeping most o f  t h e  genera l i ts ies o f  Tab le  4-1. 
o f  how the  s o l u t i o n  was ob ta ined a r e  presented i n  References W4 and W6. 
L inear  su r face  k i n e t i c s  a r e  assumed as i n  Equat ion ( 4 - ’ 1 8 )  except t h a t  a l lowance 

The d e t a i l s  

i s  made f o r  a l i n e a r  isotherm w i t h  p o s s i b l e  nonzero i n te rcep t ,  wb. 
s i nce  t o t a l  l eng th  o f  a x i a l  f l o w  i s  assumed l a r g e  compared t o  t h e  w i d t h  o f  t h e  
bed, the l o n g i t u d i n a l  d i spe rs ion  term i n v o l v i n g  E has been neglected. I f  i n  
a d d i t i o n  one conver ts  the  t ime t t o  

Also, 
1 

Equat i o n  (4- I )  then becomes 

’ (4-26) 

The restatement o f  t he  problem f o r  t h e  general a n a l y t i c  s o l u t i o n  i s  presented 
i n  Reference W4. 
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NOMENCLATURE 

Symbol s 

A 

a 

C 

C 
- 

‘a 

‘a 

co 

cO 

‘i 

‘i 

cM 

- 

- 

- 

D 

D i  

*AB 

E 

f 

F 

I 

K 

k 

k F  

A Exterior surface area of  particles, length2 

A Average particle size radius in bed, length 

C Interparticle (external void space) concentrat ion, mass/9ength3 

Intraparticle (pore volume) concentration, mass/!ength3 

Ca Interparticle concentration at r = a defined bya(4-14), mass/leng~h3 ._ - 

c, Intr,aparticle concentration at r = a, mass/length3 

Co 

c0 
c, Reference i nterpart i c 1 e d i s t r i bu t i on, mass/l ength3 

C-L C taken in reference to w., mass/length3 

’ I  - 
Constant intraparticle concentration at X = 0, mass/length 

Constant interparticle concentration at X = 0, mass/length3 

I - 
I 

cM Mol‘ar concent rat ion of f 1 u i d phase, mol e/l ength3 

D Cumulative dosage (concentration integrated over time) of exit fluid 
stream, dimensionless 

I>; Intraparticle diffusion coefficient, length2/time 

D, Fluid stream (regularly bounded passages) diffusion coefficient for a 
binary system, length2/(time) 

E Interparticle diffusion ( a x i z l  dispersion) diffusion coefficient, 
length2/(t ime) 

Functional symbol such as y = f (x), dimensions: as defined 

Factor relating pressure drop in 14-6) for packed beds t o  flow velocity, 
pressure/( length velocity) 

f 

F 

K Equi 1 ibrium constant for the surface reaction (adsorption) based on 
the pore volume, length3/mass 

M Rate constant for adsorption based on the pore surface, length/time 

h Fixed bed buik stream mass transfer .(film) coefficient based on the 
external surface of the bed particles, length/time 
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NOMENCLATURE (Cont inued) 

Symbols 

M M Molecular weight, mass/mole 

m m Mass of a diffusing component or mixture, mass 

m M Rate of decrease of total moles in the fluid stream, moles/(volume 
time) 

N 1\) Number of moles of a diffusing component or mixture 

P p Pressure o f  a mass transport system, force/length2 

R R Cumulative retention on fixed bed, dimensionless 

RG 
. %, Universal gas constant, energy/(mole, deg abs) 

RT Overall rate o f  removal of material from the interparticle bulk 
stream based upon the volume of the empty bed, mass/(?ength3 time) RT 

r n Spherical radial coordinate of bed particle, length 

S s Surface area (specific), length2/mass 

T T Absolute temperature of a mass transport system, temperature 

t f Time variable, physical time less time for fluid stream to penetrate 
bed, eX/v, time 

u \I' Superficial velocity of f l o w  through bed, length/time 

V ,'d 1 Total vo'lume, length3 

vo wo Partial specific volume fraction average velocity, length/time 

W w Reduced form of  w based upon bed standard condition, defined by 
( 4 - 4 0 ) ,  dimensionless 

w M Amount adsorbed on fixed bed, mass/mass adsorbent, dimensionless 

ww 

\t-c Average bed standard condition, mass/mass adsorbent, dimens.ion1ess 

~'~l4aximurn. value of w, total mass of adsorbate that can be adsorbed in a 

Intercept of genera 1 1 inear isotherm, mass/mass adsorbent, dimens ionless Wb 

y 
dc 

monolayer per unit mass of adsorbent, dimensionless 
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NOMENCLATURE (Continued) . 
Symbo 1 s 

I 

Coordinate for axial position along bed, length 

Gross void volume of packed bed, empty volume/total volume, . 
dimensionless 

Density of bed particles (average), mass/length3 

I J  

I 

' *  
pP pp 

' Q, 4 Average pore volume of bed particles, pore volume/gross particle 
vo 1 ume , 

SUBSCRIPTS 

a ch Denotes 

av' Gw Denotes 

o o Denotes 

i I- Denotes 

dimensionless 

boundary condition at r = a 

average over radius of bed particles 

boundary condition at either X = 0 or,t = 0 

scale factor at t = 0 

A kt Component A in binary mixture 

B 0 Component B in binary mixture 

Overhead Symbols 

.. - In Appendix A, a partial molal quantity. Otherwise, it denotes 
concentrations in the pore volume where the mass fluxes are assumed 
t o  be relative to the specific volume average velocity (assumed to be 
negligible) 

Superscripts 

0 0 Designates specific volume average for a quantity; used in Appendix A 
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SECTION 5 . 

B A S I C  LABORATORY STUDIES 

APPARATUS AND EXPERIMENTAL TECHNIQUE 

Equ i l  ib r ium Isotherms 

The adso rp t i on  equi  1 i b r i um isotherms and d i f f e r e n t i a l  heats o f  adso rp t i on  
were determined by means of  a g r a v i m e t r i c  (McBain balance type)  s o r p t i o n  appar- 
atus.  This  apparatus i s  e s s e n t i a l l y  a system i n  which the  adsorbate i s  added 
increment ly  a t  constant  temperature t o  the adsorbent. I n  t h i s  system, the 
adsorbent i s  suspended on a quar t z  s p r i n g  balance and the  change i n  weight  of 
the  sorbent and t h e  system pressure a r e  measured, thus o b t a i n i n g  adso rp t i on  
isotherms. For the nonequ i l ib r ium desorp t ion  r a t e  and isotherm, the system 
i s  opened s l i g h t l y  t o  vacuum. 

The g r a v i m e t r i c  s o r p t i o n  apparatus used i n  these s tud ies  i s  shown schemat- 
i c a l l y  i n  F igure  5-1, and a photograph o f  the apparatus appears i n  F igure  5-2. 
Th is  apparatus cons is t s  o f  a vacuum system, a gas r e s e r v o i r  supply system, a 
l i qu id -vapor  r e s e r v o i r  supply system, a weighing system, and a pressure measur- 
ing  system. I t  should be noted t h a t  the l i qu id -vapor  r e s e r v o i r  supply system 
i s  a l s o  used t o  p u r i f y  the  l i q u i d .  By means o f  d i s t i l l i n g ,  f r e e z i n g  out, and 
evacuation, any absorbed gases were removed from the  d i s t i l l e d  water  used f o r  
the water e q u i l  ib r ium adsorp t i on  s tud ies .  

I n  a l l  o f  the  tes ts ,  equ i l i b r i um,  mass t rans fe r ,  and vacuum desorpt ion,  
t h e  carbon d iox ide  used was h i g h  p u r i t y  grade supp l ied  by L i q u i d  Carbonic Co. 
I t  had an a n a l y s i s  o f  99.99 percent  carbon d iox ide,  32 Fpm oxygen, and 1 . 1  
ppm wa t e  r. 

The weighing system i s  e s s e n t i a l l y  a h e l i c a l  qua r t z  s p r i n g  balance which 
extends w i t h  added weight .  Th is  qua r t z  s p r i n g  i s  kep t  a t  constant  temperature 
by means o f  constant  temperature water  f l o w i n g  through a j a c k e t  surrounding 
the  spr ing.  The '1 inear  expansion o f  the quar t z  s p r i n g  i s  observed by means o f  
a cathetometer which i s  capable o f  reading t o  0.005 cm. Before any t e s t s  were 
made, the s p r i n g  was c a l i b r a t e d  w i t h  known a n a l y t i c a l  (Class S) balance weights 
p laced i n  the  quar t z  sample bucket. C a l i b r a t i o n s  were  performed i n  bo th  vacuum 
and a i r  i n  o rder  t o  determine any v a r i a t i o n  due t o  buoyancy; none were observed. 
For these t e s t s  two d i f f e r e n t  spr ings were used because o f  acc iden ta l  breakage 
o f  one o f  t h e  spr ings  i n  the  midd le  o f  the se r ies  o f  t e s t s .  
gave an average ex tens ion  o f  0.025 cm per  m i l l  igram we igh t  change over  the 
weight  range t o  i g, which i s  equ iva len t  t o  4 mg per  m i l l i m e t e r  extension, 
w h i l e  the second gave an average ex tens ion  o f  0.0256 cm/ing, equ iva len t  t o  
3.9  mg/mm. 

The f i r s t  s p r i n g  

The vacuum .system, which i s  capable o f  o b t a i n i n g  pressukes t o  mm Hg, 
cons i s t s  o f  a Kinney vacuum forepump and a mercury d i f f u s i o n  pump. Pressure 
was moni tored i n  the vacuum man i fo ld  by a Veeco thermocouple and i o n  gauge. 
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Three pressure measuring devices, ( I )  a McLeod gauge, i.e., a standard 
for  measuring gas pressure (F igure  5-3a), ( 2 )  a Televac thermocouple gauge 
(F igure  5-3b), and (3) a mercury mawmeter, were used t o  sense the system 
sample pressure. A d ry  ice-acetone t r a p  was p laced between the sample and 
the McLeod gauge and mercury manometer t o  p revent  mercury contaminat ion o f  
the sample and thermocouple pressure gauge. The McLeod gauge was used f o r  
measuring system pressure i n  the carbon d i o x i d e  s tud ies.  Since the McLeod 
gauge cannot be used f o r  condensables, the thermocouple pressure'gauge and 
the  mercury manometer were used i n  the water  vapor s tud ies.  The Televac 
thermocouple gauge was c a l i b r a t e d  aga ins t  the McLeod gauge w i t h  d ry  n i t r o g e n  
and c o r r e c t i o n s  were made t o  t h e  thermocouple readings for water vapor e f f e c t s  
accord ing t o  manufacturer 's  i n s t r u c t i o n s .  The Televac was used i n  the range 
o f  0 t o  600 microns (0.6 mm Hg); the mercury manometer was used to  13, I mm Hg. 

- - -  . 

Operat ion o f  the g r a v i m e t r i c  adsorp t ion  apparatus i s  r e l a t i v e l y  simple. 
As an example, a t y p i c a l  adso rp t i on  isotherm determinat ion  i s  performed as 
fo l lows.  Adsorbent i s  p laced on the sample pan. A hea t ing  tape i s  wound 
around the sample tube and the  u n i t  i s  brou,ght t o  the  requ i red  regenera t ion  
temperature. A t  the same t ime t h a t  the sample i s  heated, i t  i s  a l s o  evacuated 
by  the pumping system. The temperature is moni tored by the thermocouple near 
t h e  sample pan. A f t e r  regenera t ion  i s  complete, i.e., when there  i s  no r i s e  i n  
system pressure a f t e r  i t  has been c losed o f f  f rom the pumping system f o r  a t  
l eas t  1/2 hour, the  hea t ing  tape i s  removed, sample a l lowed t o  cool  t o  room 
temperature, and the Dewar f l a s k  i s  placed i n  p o s i t i o n .  The proper r e f r i g -  
e ran t  i s  p laced i n  the Dewar f l ask ,  and the sample i s  cooled t o  the temper- 
a t u r e  o f  t he  r e f r # i g e r a n t .  A f t e r  the  sample i s  a t  t he  proper temperature, 
the  sample weight i s  determined from readlngs o f  the  expansion o f  the  s p r i n g  
by the  cathetometer.  A smal 1 increment o f  gas o r  vapor i s  now added from the 
respec t ive  reservo i  r -supp ly  system. A f t e r  a d d i t i o n  o f  the gas o r  vapor, 
p e r i o d i c  readings a re  made of the system pressure and p o s i t i o n  o f  t h e  spr ing .  
A f t e r  e q u i l i b r i u m  i s  reached ( i .e . ,  when the re  i s  no change i n  system pressure 
and p o s i t i o n  o f  the s p r i n g  over a p e r i o d  o f  t ime),  another increment of gas 
o r  vapor is added t o  t h e  sample system. Th is  procedure i s  repeated u n t i l  t h e  
en t  i r e  pressure range o f  i n t e r e s t  has been covered. 

Adsorpt ion 

As descr ibed i n  Sect ion 4 ,  the mechanism c o n t r o l 1  i n g  adso rp t i on  may be 
f i l m - d i f f u s i o n ,  pore-d i f fus ion ' ,  o r  sur face reac t ion .  The purpose o f  the  
dynamic study was t o  determine the s imp les t  a n a l y t i c a l  technique f o r  descr ip-  
t i o n  of the process and the v a r i a t i o n  i n  the necessary c o e f f i c i e n t s  w i t h  the 
exper imental  parameters. 

Data requ i red  f o r  determin ing the mechanism o f  mass- t ransfer  and the  
approp r ia te  c o e f f i c i e n t s  were obta ined by use o f  a dynamic adso rp t i on  appar- 
a tus.  Th is  type o f  apparatus cons is t s  of a system where gas o r  vapor is  
perm i t ted  t o  f l o w  a t  known f l o w  ra tes  through a bed o f  adsorbent o f  known 
dimensions a t  constant  temperature and pressure.  I n  t h i s  apparatus there  i s  
an a n a l y t i c a l  inst rument  t o  determine the i n l e t  and o u t l e t  concent ra t ions  of 
the gas o r  vapor. 
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The dynamic adso rp t i on  apparatus used i n  the mass t r a n s f e r  t e s t s  i s  
shown schemat ica l l y  i n  F igu re  5-4 and pho tog raph ica l l y  i n  F igure  5-5. This  
apparatus cons is t s  o f  a vacuum system, a gas o r  vapor supply system, an 
ana lys i s  system, and a sample system. A schematic diagram of  the sorbent  bed 
system i s  g iven  i n  F igu re  5-6 and a c lose-up photograph i s  shown i n  F igu re  5-7. 
The copper tube bed i s  10 in. long and has an i n t e r n a l  d iameter o f  5/8 in. 
I t s  i n t e r i o r  i s  o u t f i t t e d  w i t h  O.OiO-in.- th ick copper f i n s  f o r  good heat 
t r a n s f e r ;  t o  avo id  channel ing, the f i n s  a r e  a l t e r n a t e l y  o f f s e t  by 45 deg f o r  
each I -  in.  s e c t i o n  throughout the  bed. Pressure probes and thermocouples 
were p laced a t  I - i n .  i n t e r v a l s  throughout the l eng th  of the bed s t a r t i n g  a t  
1/2 in.  above the  r e t a i n e r  screen a t  the bottom o f  the bed. Because o f  the 
h i g h  regenerat ion temperature and presence o f  water vapor, chromel-alumel 
thermocouples were used. Small open beads were  exposed t o  the bed and were 
checked t o  ensure t h a t  they were no t  i n  contac t  w i t h  any metal  surfaces. The 
lead w i res  were i nsu la ted  w i t h  c lose  packed magnesium ox ide  and sheathed w i t h  
s t a i n l e s s  s t e e l  tub ing.  The thermocouples o f  the bed were  a t tached t o  an 
eight-channel  Offner recorder  w i t h  an i ce  ba th  as the reference j u n c t i o n .  

The n i t r o g e n  and carbon d iox ide  f lowmeters used were F ischer -Por te r  
inst ruments w i t h  c a p a c i t i e s  o f  2900 cc o f  n i t r o g e n  pe r  min. and 30 cc  o f  
carbon d i o x i d e  per  min., respec t i ve l y .  The accuracy o f  these f lowmeters i s  
2 percent  o f  f u l l  scale.  

I n l e t  and o u t l e t  carbon d i o x i d e  concent ra t ions  were determined by  two 
Beckman IR 15A i n f r a r e d  carbon d iox ide  analyzers.  These analyzers moni tored 
bo th  i n l e t  and o u t l e t  concent ra t ions  throughout t h e  e n t i r e  run. The ou tpu t  
o f  the  analyzers was recorded on a Grown two-pen recorder .  P e r i o d i c a l l y  
du r ing  the  se r ies  o f  t e s t s  t h e  two IR analyzers were checked f o r  c a l i b r a t i c n  
w i t h  known gas m ix tu res  o f  carbon d i o x i d e  and d ry  n i t rogen.  Further,  a t  t h e  
beginning and end o f  each run, the  instrument zero, gain,and the  c a l i b r a t i o n  
a t  t h e  upper end o f  t h e  scale were checked. 

System pressure  was determined by a Wallace and T ie rnan abso lu te  pressure 
gauge. Th is  gauge was checked against  a McLeod gauge p r i o r  t o  use. The 
system was kept  a t  a reduced pressure by means o f  a Kinney vacuum pump i n  
se r ies  w i t h  a Kinney blower.  The combined vacuum system has a des ign capa- 
b i l i t y  o f  1000 cfm a t  10 microns o f  pressure. 

Water vapor concent ra t ions  were determined by means o f  an AiResearch 
Th is  inst rument  measures dew p o i n t  w i t h  an accuracy of -+3OF, Dewpointer. 

and has a range of i-150°F t o  less than -1OOOF. 

P r i o r  t o  placement i n  the  sample bed holder, the adsorbent was heat  
t r e a t e d  a t  150°C under vacuum i n  a vacuum furnace f o r  two days and then 
c a r e f u l l y  p laced i n  a capped b o t t l e  i n  a des i cca to r  t o  prevent  contaminat ion 
w i t h  water vapor. The capped b o t t l e  c o n t a i n i n g  the  adsorbent was weighed 
and then a p o r t i o n  o f  t he  adsorbent was p laced i n  t h e  sample bed ho lder  u n t i l  
proper bed he igh t  was a t t a i n e d .  The capped b o t t l e  was then ieweighed and the  
sample weight  i n  t h e  bed was determined by the d i f f e r e n c e  i n  weight .  I n  t h i s  
manner, sample weight cou ld  be ob ta ined w i t h  a minimum of e r r o r  due t o  
contaminat ion from water vapor i n  t h e  a i r .  ?he bed was packed w i t h  t h e  a i d  
o f  a v i b r a t o r  t o  ensure a f a i r l y  un i fo rm p a r t i c l e  d i s t r i b u t i o n .  
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G A S / V A P O R  I N L E T  

O e O I O  I N .  THICK 

THERMOCOUPLE 
P R E S S U R E  P R O B E S  

R E T A I N I N G  S C R E E N  

Figure 5-6. Dynamic Sorption Test Bed 
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F igu re  5-7. Instrumented Packed Adsorbent Bed 
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Desorp t ion  

The process o f  vacuum desorp t ion  occurs i n  a somewhat d i f f e r e n t  manner 
than does adsorpt ion.  Dur ing desorpt ion,  no i n e r t  gas i s  present  a f t e r  the 
f i r s t  few seconds. Thus, there  can be no f i l m - d i f f u s i o n a l  res is tance.  
Fur ther ,  the  pressure i n  the bed i s  an unknown f u n c t i o n  o f  a x i a l  d is tance 
and time. 
t r a n s f e r  rates, the l a t t e r  due t o  the drop i n  gas phase conduct ion a t  low 
pressures.  

Th is  pressure h i ' s to ry  may a f f e c t  bo th  the mass- t ransfer  and heat-  

For the above reasons, a d e t a i l e d  stepwise exper imental  program was 
requ i red  f o r  the desorp t ion  studies--one which would f i r s t  a l l o w  the i d e n t i -  
f i c a t i o n  o f  the r a t e - c o n t r o l l i n g  ste.p and then pe rm i t  the de terminat ion  o f  the 
parameters involved. 

The dynamic desorp t ion  c h a r a c t e r i s t i c s  o f  water  vapor and carbon d iox ide  

For these tes ts ,  on l y  the 
from molecular  s ieve  and water vapor from s i l i c a  ge l  were determined us ing  
the sample bed and dynamic system descr ibed above. 
sample bed system and the  vacuum system p o r t i o n s  o f  the dynamic adso rp t i on  
apparatus w e r e  requi red.  To p rov ide  a low- impedance vacuum system, the sample 
bed was modi f ied.  The t e s t  bed t u b i n g  was c u t  a t  a s e c t i o n  below the  r e t a i n e r  
screen, a p l u g  was inser ted,  and the u n i t  was sealed w i t h  s i l v e r  so lder .  
top  sec t i on  o f  t h e  packed bed was mod i f i ed  t o  accept a 3/4- in .  male AN f i t t i n g ,  
and the u n i t  was connected d i r e c t l y  t o  t h e  3 - in .  vacuum mani fo ld .  The pressure 
p ickup fo rmer ly  loca ted  below the  r e t a i n e r  screen, was i n s t a l l e d  i n  the vacuum 
man i fo ld  elbow sect ion,  d i r e c t l y  above the bed. 
a I - $  12 mesh (0.062 t o  C.079 i n . )  were used t o  f i l l  the  bottom v o i d  volume 
o f  the  sample bed; t h e  remaining 5 - in .  upper sec t i on  o f  the bed was packed w i t h  
the t e s t  sorbent. F igure  5-9  shows the  system as mod i f ied .  

The 

F lex-O-L i te  g lass beads w i t h  

Pressures i n  the bed and man i fo ld  were measured us ing  a four-channel  C V C  
Magnevac GMA 140 thermal c o n d u c t i v i t y  gauge (F igu re  5-8a). 
o f  gauge i s  a f f e c t e d  by the  c h a r a c t e r i s t i c s  o f  the vapor measured, i t  was 
c a l i b r a t e d  and moni tored by a Texas Instruments p r e c i s i o n  quar tz  pressure 
gauge (F igure  5-8b). Th is  instrument, which i s  n o t  a f f e c t e d  by the charac- 
t e r i s t i c s  o f  the vapor be ing measured, was used t o  c a l i b r a t e  the  Magnevac 
pressure gauges us ing  pure carbon d iox ide  o r  water  vapor, respec t i ve l y .  
accuracy o f  t h e  Texas Inst ruments gauge was p e r i o d i c a l l y  checked by c a l i b r a t -  
i ng  i t  aga ins t  a McCleod gauge w i t h  d ry  n i t rogen.  

Since t h i s  type 

The 

To conduct a desorp t ion  experiment, the g lass beads and the  t e s t  sorbent 
w e r e i n i t i a l l y  outgassed ( f o r  a p e r i o d  over 16 h r )  i n  a 15OoC vacuum oven. 
A f t e r  the sample bed was packed, the top r e t a i n e r  screen emplaced, and the  
g lass bead and sorbent weights noted, the system was checked f o r  leakage 
w i t h  a Vecco model MS-9 mass spectrometer l eak  de tec tor .  The volume occupied 
by the sorbent and the f r e e  volume o f  the t e s t  system were  obta ined by i n i t i a l l y  
c a l i b r a t i n g  a pressure vessel w i t h  water  and subsequently p r e s s u r i z i n g  the 
known volume source w i t h  he l ium and p e r m i t t i n g  i t  t o  expand r n t o  the bed and 
mani fo ld .  The r e l a t i o n s h i p  i s  expressed as fo l l ows :  
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Figure  5-8. (a )  CVC Magnevac GMA-140 
Thermal Conduc t i v i t y  Gauge and 
( b )  Texas Inst ruments Quar tz  Tube 
Gauge 
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Figure 5-9 .  Modified Desorption Apparatus 
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where P ,  = i n i t i a l  he l ium source pressure 

v, = c a l i b r a t e d  source vessel  volume 

v2 = system pressure a f t e r  expansion 

= f r e e  volume o f  the packed bed 
"f 

Upon complet ion of c a l i b r a t i o n ,  the bed would be regenerated (F igure  5-10] a t  
a temperature of 600'F for  molecu la r  s ieve and 350'F For s i l i c a  ge l  and a t  a 
pressure o f  7 microns, f o r  a d u r a t i o n  o f  several  hours. The adsorbent was 
then brought t o  t e s t  temperature by means of a constant  temperature ba th  

I '  (F igu re  5-11).  Pure carbon d iox ide  o r  water  vapor was in t roduced t o  the 
sample bed through one o f  the unused pressure probes by means of a v s l v e  
arrangement, and t h e  bed was brought t o  a predetermined pressure.  
and gas o r  vapor were  a l lowed t o  come t o  e q u i l i b r i u m  overn igh t ;  the temperature 
o f  t h e  ba th  and bed were kept  constant.  

I 
The bed 

r -  

i i 

. -  During i n i t i a l  studies,  a k n o w  q u a n t i t y  o f  adsorbate gas o r  vapor was 
metered i n t o  the adsorbent bed by us ing  the c a l i b r a t e d  vessel technique. The 
amount o f  gas adsorbed was then checked by a l l o w i n g  f o r  the  vapor i n  the  f r e e  
volume p r e v i o u s l y  determined, the d i f f e r e n c e  between the  amount discharged 
from the c a l i b r a t e d  vessel and the amount i n  the  f r e e  volume of the  bed be ing  ! -  . 

! .  the amount adsorbed i n  the  bed, The amount o f  gas adsorbed was found t o  check 
q u i t e  c l o s e l y  w i t h  the e q u i l i b r i u m  value obta ined from t h e  e q u i l i b r i u m  data 

I "  prev ious l y  determined; thus, t h i s  procedure was s i m p 1  i f i e d  f o r  most runs by 
u s i n g  the load ing  values obta ined from e q u i l i b r i u m  data. 1 

1. 

! 

I "  

.I. 

i 
1. .. 

I -  

A f t e r  e q u i l i b r i u m  had been es tab? ished and i n i t i a l  load ing  determined, 
the  temperature des i red  f o r  the  desorp t ion  run was es tab l i shed  i n  the ba th  
surrounding the  bed. The vacuum va lve  was then opened t o  vacuum and pressure 
readings were made a t  a l l  f o u r  s t a t i o n s  a t  f requent  t i m e  i n t e r v a l s .  Ternpera- 
t u r e  data were recorded s imul taneously  and cont inuous ly  on t h e  Of fner  recorder.  
To determine load ing  a t  var ious  times d u r i n g  the desorp t ion  run, t h e  vacuum 
va lve  was closed, the bed a l lowed t o  e q u i l i b r a t e ,  and from pressure and tem- 
pera ture  readings, l oad ing  was determined us ing  e q u i l i b r i u m  data. The run 
was then r e i n i t i a t e d .  F ina l  bed load ing  was aga in  genera l l y  checked by 
a1 lowing an ove rn igh t  equi 1 ib r ium.  
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I* Fiqure 5- IO.  Desorption Bed w i t h  Regenerator 
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Figure 5-1 1 .  Desorption Bed w i t h  Constant Temperature Bath 
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EQU I L IBR IUM I SOTHERMS 

ox ide  on L inde Co. molecular  sieve, Type 5A [Cab . 5  .Na3[(AIOz) 12(Si02) 121.30 H201 
and Type SAXW; ( 2 )  water vapor on Type 5 A  molecular  s ieve; (3) carbon d i o x i d e  
on water p r e t r e a t e d  Type 5 A  molecular  s ieve; and (4) water vapor on Davison Co. 
s i l i c a  ge l  (97 percent  S i O p ) ,  Grade 05, 6-16 mesh. A l l  molecular  s ieve  t e s t s  
were performed w i t h  1/16 in.-diameter p e l l e t s .  For  t h e  e q u i l i b r i u m  determina- 
t ions ,  p r i o r  t o  each adso rp t i on  run, the  molecular  s ieve  samples were desorbed, 
i n  s i tu ,  a t *600°F under vacuum cond i t i ons  ( 

E q u i l i b r i u m  isotherms were determined f o r  the adso rp t i on  o f  ( I )  carbon d i -  

mm Hg), and the  s i l i c a  ge l  
samples were desorbed, i n  s i t u ,  a t  35OoF under vacuum cond i t ions ,  -r 

Carbon D iox ide  Adsorpt ion on Molecular  Sieves 

I n i t i a l l y ,  a p r e l i m i n a r y  isotherm was determined for  carbon d i o x i d e  
adsorp t ion  on Type 5A molecu la r  s ieve  t h a t  had been regenerated a t  4 O O 0 F  
under vacuum cond i t ions .  The r e s u l t a n t  da ta  gave lower adsorp t ion  capac- 
i t i e s  than repo r ted  by  L inde (Reference 5-1). 
may be removed, w i thou t  damage t o  the  molecular  s ieve  by hea t ing  t o  BOOOF, 
i t  was decided t o  regenerate a t  t h a t  temperature. 

A l l  o f  t h e  molecu la r  s ieve  equi 1 i b r i u m  isotherms determined have been 

Since -Linde s ta tes  t h a t  water  

p l o t t e d  w i t h  ac tua l  adsorp t ion  c a p a c i t i e s  obta ined vs pressure;  t e s t  da ta  
p o i n t s  appear i n  t h e  f i g u r e s  presented i n  Appendix C. 

r 

Figures 5-12 and C-l through C-4 g ive  the f o u r  e q u i l i b r i u m  isotherms obta in -  
ed a t  Oo, 10.5', 2S0,and 5OoC (32O, 50.9', 77O and 12ZoF), (Run Nos. 5 and 6 ,  7, 
1-4, and IO, r e s p e c t i v e l y )  f o r  the  adso rp t i on  of carbon d i o x i d e  on h inde Type 5A 
molecular  s ieve 1/16- in.-dia pe l  l e t s  ( L o t  No. 551 194). These isotherms a re  typ- 
i c a l  o f  the equi  1 i b r ium data obtained,and as expected ( I )  adsorp t ion  capac i t y  
increases w i t h  lower ing  o f  temperature and ( 2 )  the  general shape o f  the iso-  
therms undergoes no d i s c o n t i n u i t y  as the c r i t i c a l  temperature o f  CO;, (31OC) i s  
approached and passed. A comparison o f  the  isotherms determined a t  AiResearch 
w i t h  isotherms given i n  L inde pub1 i c a t i o n s  i n d i c a t a  t h a t  the  former gave lower 
adsorp t ion  c a p a c i t i e s  than the  l a t t e r .  Further, data repor ted  by Minneapol i s -  
Honeywell (Reference 5-2) a t  25OC seems t o  be between L inde and AiResearch's 
data.  Due t o  the  d i f f e r e n c e s  between the var ious  sources o f  data, a sampte o f  
the  same l o t  t es ted  by AiResearch was sent t o  an ou ts ide  l abo ra to ry  ( P a c i f i c  
Sorp t ion  Service, Chico, Cal i f o r n i a )  f o r  an adso rp t i on  isotherm determinat ion  
a t  25OC. The ou ts ide  l abo ra to ry  performed i t s  de terminat ion  u s i n g  a vo lumet r i c  
technique by means o f  a B.E.T. apparatus. The i r  r e s u l t s  gave adsorp t ion  capac- 
i t i e s  s l i g h t l y  lower than t h a t  ob ta ined by AiResearch. 
isotherms determined by the f o u r  d i f f e r e n t  sources i s  g iven i n  F igure  5-13. 
Also  inc luded a re  the c a p a c i t i e s  a t  approx imate ly  I and 7 mm Hg pressure deter-  
mined by the  dynamic breakthrough tes ts .  

A comparison o f  the 25OC 

1 ,  

The d iscrepancies i n  the  isotherms o f  Linde, Minneapolis-Honeywel1,and 
AiResearch are probably  due t o  d i f f e rences  i n  the p r o d u c t i o n c o f  the molecular  
s ieve. Qver the years, there  have been changes i n  the manufacture o f  molecular  
s ieves which gave d i f f e r e n t  adso rp t i on  capac i t i es .  For example, d i f f e r e n t  
Linde p u b l i c a t i o n s  have g iven d i f f e r e n t  isotherms. P a c i f i c  So rp t i on  Serv ice 's  
lower adsorp t ion  capac i t y  da ta  may h e  due t o  t h e i r  desorb ing the  sample a t  
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, 

600°F f o r  o n l y  one hour under vacuum c o n d i t i o n s  and, thus, n o t  complete ly  
desorbing the p e l l e t s .  
several  hours under high-vacuum cond i t ions .  

A t  AiResearch, the p e l l e t s  a r e  desorbed a t  600°F f o r  

I n  an e f f o r t  t o  determine any d i f f e r e n c e  i n  adso rp t i on  c a p a c i t i e s  o f  
d i f f e r e n t  l o t s  supp l ied  by  Linde, a carbon d i o x i d e  adsorp t ion  isotherm a t  
25OC was determined for a sample o f  Type 5A, 1/16-in.-dia p e l l e t s  o f  L o t  
No. 541259 (Run No. 8). T h i s  isotherm gave adso rp t i on  c a p a c i t i e s  j u s t  s l i g h t l y  
l a r g e r  than the  prev ious  l o t .  I t  i s  s t i l l  cons iderab ly  l ess  than t h a t  repor ted  
by  Linde. 
No. 9). 
t h e  prev ious  isotherms obta ined f o r  t h i s  l o t .  

A new sample o f  t he  o r i g i n a l  Lo t  No. 551194 was a l s o  t e s t e d  (Run 
Here, t h e  25OC carbon d i o x i d e  adsorp t ion  isotherm was . i d e n t i c a l  to  . 

From the fou r  isotherms shown .in F igure  5-12,isobars and isos teres  were 
p l o t t e d  (F igures  5-14 and 5-15, respec t i ve l y ) .  Using these p l o t s ,  new isotherms . 

were c a l c u l a t e d  f o r  5 O C ,  1 8 O C ,  and 37'C. Both isobar  and i s o s t e r e  p l o t s  gave 
i d e n t i c a l  isotherms i n d i c a t i n g  cons is ten t  data. This  comparison i s  g iven i n  
F igure  5-.L6. An attempt t o  do t h i s  w i t h  isobars and. i sos teres .ob ta ined from 
Linde isotherms gave incons is ten t  data; two d i f f e r e n t  curves 'were obtained. 

1 

The e q u i l i b r i u m  isotherm a t  25OC F igu re  5-17, f o r  Type 5AXW (Run No. 12) 
molecular  sieve, 1/16-in.-dia pe l  l e t s  (Linde Lo t  No. 556313) gave h ighe r  
adsorp t ion  c a p a c i t i e s  than Type 5A. 
cen t  h igher  a t  20 mm Hg pressure t o  about ten  percent  h igher  a t  a pressure 
o f  I mm Hg. A t  s t i l l  lower pressures the re  was a f u r t h e r  increase i n  percentage 
o f  g rea te r  CO2 adsorp t ion  capaci ty .  Even w i t h  the  h ighe r  capac i t y  obtained, 
t h i s  data was lower than t h a t  repor ted  by L inde Company f o r  Type 5A molecular  
sieve. A t  the present  time, Linde cou ld  G o t  p rov ide  e q u i l i b r i u m  adsorp t ion  
isotherm data f o r  Type 5AXW molecular  sieve. Al though bo th  types of m a t e r i a l  
con ta in  t h e  same adsorbent, t he  amount o f  nonac t ive  i n e r t  b inde r  d i f f e r s .  
The Type 5A m a t e r i a l  con ta ins  20 percent  binder, w h i l e  Type 5AXW conta ins  
7 percent b inder .  

These c a p a c i t i e s  v a r i e d  from about 4 per- 

The p r o p e r t i e s  o f  t h e  two types should be ' s i m i l a r  except t h a t  the  h igher  
dens i t y  adsorbent in Type SAXW p e l l e t s  should g i v e  h ighe r  c a p a c i t i e s  than 
Type 5A p e l l e t s  f o r  t he  same weight o f  p e l l e t s .  There i s  a d i f f e r e n c e  i n  
c o l o r  o f  p e l l e t s ;  Type 5A i s  whi te,whi le Type 5AXW i s  ye l low.  
was known about the  s t a b i l i t y  of Type SAXW p e l l e t s  on long-dura t ion  c y c l i n g ;  
i t  was f e l t  t h a t  the  lower amount o f  b inde r  p resent  i n  Type 5AXW would 
e v e n t u a l l y  r e s u l t  i n  powdering and breakdown upon cont inuous regenerat ion.  

L i t t l e  

Water Adsorpt ion on Molecular  Sieve 

An e q u i l i b r i u m  isotherm o f  the  adsorp t ion  of degassed d i s t i l l e d  water on 
Type 5A, 1 / (6 - in . -d ia  p e l l e t s  (Linde L o t  No. 51194)  a t  25OC was made (Run 
No. 1 1 )  (F igure 5-18 and F igu re  C-5). 
isotherm w i t h  lower water  adsorp t ion  c a p a c i t i e s  than L inde reported. T h i s  
d i f f e r e n c e  again may be d u e  t o  d i f f e r e n c e s  i n  p roduc t i on  o f  the  d i f f e r e n t  
l o t s  tested;  the  Linde da ta  a r e  severa l  years o ld .  

The adso rp t i on  da ta  ob ta ined gave an 
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E f f e c t  o f  Residual  Water on Carbon D iox ide  Capaci ty  o f  Molecular  Sieve 

r p t i o n  a t  25OC 
Capaci ty ( g  H20/g g e l )  

0.1843 

0. I788 

0.1745 

0. I8  14 

I n  an e f f o r t  t o  determine the  e f f e c t  o f  p r e v i o u s l y  adsorbed water  on 
molecular  s ieve  on the f u r t h e r  adsorp t ion  o f  carbon d iox ide,  an e q u i l i b r i u m  
carbon d i o x i d e  adsorp t ion  isotherm a t  25OC was determined (Run No. 
Type 5A, 1/16-in.-dia p e l l e t s  con ta in ing  a known amount o f  water (see 
F igu re  5-19). 
coadsorbed on the molecular  s ieve  i n  t h i s  determinat ion.  For example, the  
sample con ta in ing  0.076 g H20/g sieve, corresponding t o  an e q u i l i b r i u m  p a r t i a l  
pressure o f  water vapor o f  0.0125 mm Hg, o n l y  adsorbed 0.0185 g C02/g s ieve 
a t  a system pressure o f  23 mm Hg; w h i l e  d r y  molecular  s ieve  adsorbed 0.10 g 
C02/g s ieve a t  a system pressure o f  23 mm Hg. 

I fA)  on 

Only a small amount o f  carbon d i o x i d e  was capable o f  be ing  

De! 
P (mm Hg) 

0.220 

0.218 

0.228 

0.183 

Water Vapor Adsorpt ion on S i l i c a  Gel 

As a r e s u l t  o f  d i f f e r e n c e s  i n  exper imental  e q u i l i b r i u m  data  b y  va r ious  
sources encountered d u r i n g  the molecular s ieve phase o f  the  program, an 
e q u i l i b r i u m  isotherm a t  2 5 O C  (F igure 5-20) was ob ta ined f o r  the adsorp t ion  o f  
water  vapor on s i l i c a  ge l  (Davison Chemical, Lo t  No. 1807, 6-16 mesh, Grade 05) 
over  a pressure range o f  0.02 t o  13 mm Hg. The isotherm obta ined gave s i m i l a r  
adsorp t ion  c a p a c i t i e s  f o r  water vapor when compared w i t h  data presented by  
Davi son (Reference 5-3). 
w i t h  water vapor (Reference 5-4) i s  shown i n  F igure  5-21. 

Add i t i ona l  equi 1 i b r i um data f o r  Davi son s i  1 i c a  ge l  

I n  an e f f o r t  t o  q u i c k l y  determine cyc le  r e p r o d u c i b i l i t y ,  f ou r  cyc les  o f  
adsorbing water  on s i l i c a  ge l  a t  25OC and approx imate ly  7 mm Hg pressure and 
then desorbing a t  5OoC t o  approx imate ly  0.2 mm Hg pressure were performed. 

we r e  
equ i- 

The resu l t s ,  summarized i n  Table 5-1, i n d i c a t e  t h a t  s i m i l a r  bed loads 
obta ined f o r  bo th  adsorp t ion  and desorp t ion  f o r  a l l  f o u r  cyc les  a t  
i b r i um cond i t ions .  

TABLE 5-1 

CYCLING DATA FOR ADSORPTION OF WATER VAPOR AT 25OC . * 

ON SILICA GEL AND DESORBING AT 50°C 

1 I 
r p t i o n  a t  5OoC 
Capacity ( g  H20/g ge l )  

0.0064 

0.0064 

0.0064 

. 0.0055 
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DEW P O I N T S  CORRESPONDING TO P A R T I A L  PRESSURES 
ARE G I V E N  I N  PARENTHESES ON I S O P I E S T I C  L I N E S  (*, **) 
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*THE CONCEPT OF A DEW P O I N T  BELOW 3ZoF,  ALTHOUGH WIDELY ACCEPTED BY THE . 
INDUSTRY, TS A MISNOMER; A S U B L I M A T I O N  P O I N T  WOULD BE A MORE APPROPRIATE TERM. 

**THE SATURATION TEMPERATURES CORRESPONDING TO PRESSURES BELOW 0.20 INCHES OF ~g 
HAVE BEEN CORRECTED ACCORDING TO REFERENCE 5-5. 

Figure 5 - L l .  Water Vapor Capacity of Si l i ca  Gel a s  a Function o f  
Temperature a t  Various Par t ia l  Pressur‘es, i n .  Hg 
Equi 1 i b r i u m  I sop ie s t i c s )  as  Reported by Davisbn  Co. 
Ref e rence 5-4 ) 
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Differential Heat of Adsorption 

Whenca gas or vapor is adsorbed on the surface of a solid, or when a liquid 
wets an adsorbent, heat i s  released. 
to as integral heats when a definite quantity of- fluid and a bare surface are 
involved. The term differential heat is used to describe a process conducted 
at constant temperature whereby a unit quantity of fluid contacts a large 
quantity of solid that has been previously exposed to the fluid, i.e., a 
constant conqentration (isosteric) process. 
evolved during adsorption i s  greater than the heat of liquefaction of an 
equivalent amount of vapor; this difference is referred to as a net heat of 
adsorption, or the heat of wetting. 

Tfie heats evolved are usually referred 

In most instances the total heat 

. .  
As developed in Section 4 ,  the isosteric or differential heat of adsorption 

may be determined from the Clausius-Clapyron equation (A- l 7 ) ,  assuming ideal 
vapor be hav i or ; 

where 

P = partial pressure, psia 
. .  

T = absolute temperature, O R  

AH -- isosteric or differential heat of adsorption, B t d l b  

R = gas constant, 1.987 Btu/lb mole O R  

by plotting the log P vs I/T and determining the.slope of the isostere. If 
the equation is integrated and rearranged as follows 

T T  A H = R -  
T2-7-1 P l  

* (5-3) 

the differential heat of adsorption may be determined from two close adsorption 
isotherms at T, and T2 at the same adsorbent loading, for a range of loadings. 

From the isosteres plotted for the adsorption o f  carbon dioxide 
on Type 5A molecular sieve pel lets (Figure 5-15), di Fferential heats of 
adsorption at T, = 32.2 (90°F) and T, = 37.8OC (IOOOF) were calculated for 
various bed loadings. This temperature regime is approximately the expected 
system design temperature for the desorption of carbon dioxide from molecular 
sieve. Figure 5-22 gives the relationship of the calculated differential heats 
of adsorption with bed loading. 
the differential heat of adsorption is high, 511 Btu Ib. This value drops 
rapidly with an increase of carbon dioxide loading until a loading of about 
1.5 percent. Thereafter, the heat of adsorption value decreases very slowly, 
giving almost a constant heat o f  adsorption from 1.5 t o  5 percent loading; 
the heat of adsorption values in this range only decreased from 419 Btu/lb to 
414 Btu/lb. 

Initially, at low bed loadings (0.5 percent), 
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DYNAMIC ADSORPTION STUDIES 

Breakthrough curves were determined f o r  ( I )  carbon d iox ide  adso rp t i on  on 
L inde Type 5A molecu la r  s ieve  p e l l e t s  f o r  a v a r i e t y  o f  t e s t  cond i t i ons  and 
( 2 )  water adso rp t i on  on Davison Co. Grade 05 s i l i c a  ge l .  
mathemat ica l ly  (see Sect ion 7), these curves a l l o w  the eva lua t i on  o f  the 
c o n t r o l l i n g  t r a n s f e r  c o e f f i c i e n t s .  O r i g i n a l l y  i t  had been hoped t h a t  dynamic 
adsorp t ion  data f o r  C02 on water  loaded molecular  s ieve  migh t  be obtained; 
b u t  r e s u l t s  obta ined du r ing  the  e q u i l i b r i u m  s tud ies  showed t h a t  very  l i t t l e  
capac i ty  f o r  GO2 adsorp t i on  e x i s t s  when even small amounts o f  water  a r e  
p resent  on the sieve, thus dynamic s tud ies  o f  molecular  s ieve were l i m i t e d  
t o  adsorp t ion  o f  C O 2 .  

Carbon Diox ide Adsorpt ion on Molecular  Sieves 

When t r e a t e d  

The dynamic adso rp t i on  o f  carbon d i o x i d e  on Type 5A molecu la r  s ieve  1/16- 
in.-dia p e l l e t s  (L inde Lo1 No. 551194) was determined under the f o l l o w i n g  
v a r i e d  cond i t i ons :  ( I )  mass v e l o c i t y ,  ( 2 )  to, ta l  pressure, (3 )  i n l e t  carbon 
d iox ide  p a r t i a l  pressure, ( 4 )  bed temperature, (5 )  bed length, and (6) c a r r i e r  
gas. As i n  the e q u i l i b r i u m  adsorp t i on  determinat ions,  t h e  molecular  s ieve  
sample was regenerated i n  s i t u  a t  6OO0F under vacuum cond i t i ons  p r i o r  t o  each 
t e s t .  

Test data and r e s u l t s  a r e  summarized i n  Table 5-2 and a r e  supplemented by 
t h e  p l o t s  i n  the Appendix (F igures  C-7 through C-38). There a r e  two separate 
p l o t s  i n  t h e  Appendix f o r  each run; one g ives  the carbon d iox ide  concent ra t ion  
a t  sorbent bed i n l e t  and o u t l e t  as a f u n c t i o n  of t i m e  and the  o the r  g ives the  
percent  breakthrough as a f u n c t i o n  o f  time. A t y p i c a l  p l o t  o f  the i n l e t  and 
o u t l e t  carbon d iox ide  concent ra t ions  w i t h  t ime,  shown i n  F igures 5-23 ana 5 - 2 4 ,  
g ives  the t y p i c a l  breakthrough curve obta ined from such data. 

The i n i t i a l  dynamic breakthrough t e s t s  were performed w i t h  a bed o f  about 
7 in.  i n  length.  A comparison o f  the adsorpt ior !  capac i ty  o f  the bed ob ta ined 
a t  100 percent  breakthrough w i t h  t h a t  obta ined i n  the  e q u i l i b r i u m  isotherms 
ind ica ted  lower capac i ty  i n  the  dynamic tes ts .  P re l im ina ry  a n a l y s i s  o f  the  
breakthrough data seemed t o  i n d i c a t e  t h a t  the  mass t r a n s f e r  zone (MTZ) was 
about the same length  as the bed. The mass t r a n s f e r  zone i s  designated as 
t h a t  p o r t i o n  o f  the bed i n  which adso rp t i on  c u r r e n t l y  occurs, and t h i s  zone 
of f i x e d  l eng th  t r a v e l s  a long the  bed as the bed becomes sa tu ra ted  w i t h  
adsorbate. A bed r e q u i r i n g  a g iven capac i t y  f o r  adsorbate w i t h o u t  a l l o w i n g  
any unadsorbed m a t e r i a l  t o  leave the column must have, i n  a d d i t i o n  t o  the 
amount o f  adsorbent necessary f o r  the des i red  capac i t y  a t  sa tura t ion ,  a l eng th  
o f  bed where the  mass t r a n s f e r  zone can t r a v e l  w i t h o u t  a1 lowing absorbate t o  
break through. 

Mass t r a v s f e r  zone leng th  can be c a l c u l a t e d  from the breakthrough curve, 
accord ing t o  Trybal  (Reference 5 - 9 ) ,  by the f o l l o w i n g  equat ion:  
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= MTZ l e n g t h  
'a where 

2 = packed bed l e n g t h  

= t i m e  t o  bed exhaust ion 

e = t i m e  from i n i t i a l  breakthrough t o  bed exhaust ion 

f = f r a c t  ion of the MTZ n o t  loaded w i t h  adsorbate and i s  equal 

a 

t o  t h e  r a t i o  of the area under the  breakthrough curve t o  
the t o t a l  area between s t a r t  o f  breakthrough and bed 
exhaust ion.  

I n  p rac t i ce ,  one uses as s t a r t  o f  breakthrough the t ime o f  5 percent  break- 
through and bed exhaust ion when the breakthrough reaches 95 percent.  

The MTZ leng th  c a l c u l a t e d  by Equat ion (5-4) f o r  Run No. 2 i s  6 . 2  in., 
which i s  very  c lose  t o  the ac tua l  bed length., A f t e r  i nc reas ing  t h e  packed 
column t o  about IO in . ,  the MTZ leng th  c a l c u l a t e d  f o r  Run No. 6, which was 
performed under the  same t e s t  c o n d i t i o n s  as Run No, 2 except f o r  bed length,  
gave 9 value o f  5 .3  in.  

Increase o f  bed length, however, s t i l l  gave the same lower adso rp t i on  
capac i ty  (approx imate ly  10 percent )  f o r  the dynamic t e s t s  compared w i t h  the 
e q u i l i b r i u m  s tud ies .  I n  order  t o  determine i f  t h i s  d i f f e r e n c e  i n  adsorp t ion  
capac i t i es  i s  due  t o  d i f f e r e n c e  i n  the molzcu la r  s ieve  sample o r  t e s t  con f igu-  
ra t ion ,  a vo lumet r ic  de ter rn ina t icn  was made o f  the e q u i l i b r i u m  carbon d i o x i d e  
adsorp t ion  capac i t y  o f  the dynamic t e s t  bed, i n  s i t g .  
C02/g s ieve  adsorbed, P = 4.5 min Hg, T = 23.7*C) i s  the same as t h a t  obta ined 
i n  the equi 1 ib r ium s tud ies .  Th is  i nd i ca tes  t h a t  the capac i t y  d i f f e r e n c e s  a re  
n o t  due t o  e i t h e r  the sample o r  t e s t  c o n f i g u r a t i o n .  

f" 
iL 

The r e s u l t s  (0.0458 g 

Since the  poss ib le  e f f e c t  o f  coadsorpt ion o f  the c a r r i e r  gas cou ld  e x p l a i n  
the  ev ident  reduc t ion  i n  dynamic adso rp t i on  capaci ty ,  o the r  c a r r i e r  gases 
were inves t iga ted .  L inde Company repor ted  t h a t  Type 5A molecular  s ieve  has 
an adsorp t ion  capac i ty  f o r  he1 ium, oxygen, 
o f  0.001, and 0.16, and 1.0 w t .  percent , respect ive ly .  A se r ies  o f  dynamic 
tests ,  therefore,  was performed w i t h  oxygen and he1 ium, respec t ive ly ,  as  
c a r r i e r  gases. The t e s t  r e s u l t s  'show t h a t  there  was no d i f f e r e n c e  i n  dynamic 
adso rp t i on  c a p a c i t i e s  between he1 ium and n i t r o g e n  as c a r r i e r  gases. 

and n i t r o g e n  ( a t  O°C and 300 mm Hg) 

There was, c o n t r a r y  t o  expectat ions,  a lower adso rp t i on  capac i t y  (0 .0493 g 
coy'g s ieve a t  25OC and 0.0926 g CO,/g s ieve  a t  O°C) f o r  oxygen as c a r r i e r  
gas than f o r  n i t r o g e n  (0.0525 g C02/g s ieve  a t  25OC and 0.0986 g CO,/g s ieve  
a t  O°C) under the  same pressure and f l ow  cond i t i ons .  
phenomenon may be a t t r i b u t e d  to the v e l o c i t y  a t  which molecules t rave rse  the  
z e o l i t e  channels; i t  appears t o  be remarkably f a s t  and depends t o  a l a r g e  
degree on t h  siz,e o f  the molecule concerned. Al though the  n i t r o g e n  molecule 

g rea ter  oxygen coadsorpt ion,  caus ing a reduc t i on  i n  C02 capac i t y  when us ing  
oxygen as the ca r r i ' e r  gas (Reference 5 - 1 0 ) .  This  e f f e c t  should a l s o  occur 
s ince  the  hel ium molecule i s  smal le r  than the n i t r o g e n  molecule, b u t  may be 

An exp lanat ion  f o r  t h i s  

i s  on ly  0.2 i7 l a r g e r  than t h e  oxygen molecule, t h i s  d i f f e r e n c e  m igh t  a l l o w  
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o f f s e t  i n  t h i s  case by the  ext remely low capac i t y  o f  the molecular  s ieve  f o r  
helium. A s  expected, the  dynamic t e s t  data, summarized i n  Table 5-2, g i ve  
h igher  adso rp t i on  c a p a c i t i e s  w i t h  lower ing o f  temperature. 

There appears t o  be no d i f f e r e n c e  i n  capac i t y  due t o  mass f l o w  rates.  
Both tes ts  a t  mass v e l o c i t i e s  o f  1.54 and 0.69 I b / f t 2 - m i n  a t  25OC w i t h  n i t r o g e n  
as c a r r i e r  gas i n  the  IO-in. packed bed gave the same adsorp t i on  capaci ty ,  
0.0525 and 0.0524 g C 0 2 / g  sieve. 

System pressure, on the o t h e r  hand, seemed t o  have an e f f e c t .  There i s  a 
lower ing i n  capac i t y  o f  7 p s i a  (0 .0489 g C02/g s ieve)  over  t h a t  a t  5 p s i a  
(0.0525 g C02/g s ieve)  a t  the same t e s t  cond i t i ons  (mass f l ow  0.69 l b / f t 2 - m i n ;  
temperature, 25OC; n i t rogen,  c a r r i e r  gas; IO-in. packed bed; and approx imate ly  
7.0 mm Hg p a r t i a l  pressure of  i n l e t  C O P ) .  
capac i ty  as a r e s u l t  o f  an increase i n  the n i t r o g e n  p a r t i a l  pressure would 
tend t o  suppor t  the  case f o r  n i t r o g e n  coadsorpt ion as a c o n t r i b u t o r  t o  lower 
dynamic adso rp t i on  capac i ty .  

Th is  descrease i n  CO, adsorp t i on  

Tests performed w i t h  i n l e t  carbon d iox ide  p a r t i a l  pressures o f  about 
I mm Hg gave the same lower ing  o f  adso rp t i on  capaci ty,  approx imate ly  10 
percent, a t  complete breakthrough as the 7mm Hg i n l e t  carbon d i o x i d e  p a r t i a l  
p res s u re  t e  s t s  . 
Water Vapor Adsorpt ion on S i 1  i ca  Gel 

The dynamic adso rp t i on  o f  water  vapor o n  s i l i c a  ge l  (Davison Chemical 
L o t  No, 1807, 6-16 mesh, Grade 05) was determined a t  two d i f f e r e n t  temper- 
a tures,  P r i o r  t o  each de terminat ion  the s i 1  i ca  g e l  bed was regenerated a t  
350'F under vacuum cond i t ions .  Since WoLgen and Marshal l  (Reference 5-1 I )  
have performed an ex tens ive  t h e o r e t i c a l  a n a l y s i s  of the adso rp t i on  o f  water  
vapor from a i r  by s i l i c a  gel, a co r robo ra t i on  o f  the exper imental  data o f  two 
d i f f e r e n t  temperatures was considered adequate a t  t h i s  t i m e .  

Test data and r e s u l t s  a re  summarized i n  Table 5-3 and a re  supplemented by 
the  p l o t s  i n  the Appendix ( f i g u r e  C-39 through F igure  C-42).  
separate p l o t s  i n  the Appendix f o r  each run; one g ives the dew p o i n t  a t  sorbent 
bed i n l e t  and o u t l e t  as a f u n c t i o n  o f  t i m e  and the o t h e r  g ives the percent  
breakthrough as a f u n c t i o n  o f  t i m e .  These p l o t s  a r e  s i m i l a r  t o  the t y p i c a l  
p l o t s  shown i n  F igures 5-23 and 5-24 f o r  carbon d i o x i d e  adsorpt ion.  

There a r e  two 

Al though data a r e  g iven f o r  o n l y  two runs (Run No. IW and 4W) i n  Table 5-3, 
therewere a c t u a l l y  f ou r ,de te rm ina t ions  made. I n  Run No.. 2W, the i n l e t  dew 
p o i n t  va r ied  cons iderab ly  d u r i n g  the de terminat ion  and ana lys i s  of the data; 
therefore,  i t  d i d  no t  g i v e  any meaningful  informat ion.  A t  the conc lus ion  o f  
Run No. 3W i t  was found t h a t  the dew p o i n t  measuring dev ice had become defec- 
t i v e  some t ime du r ing  the  run and was g i v i n g  erroneous dew po in ts .  

As expected, the dynamic adso rp t i on  capac i t y  a t  100 percent  breakthrough 
decreased w i t h  temperature from 0.354 g H,O/g gei a t  15.6OC t o  0.235 g H20/g 
gel  a t  25'C. 
mental equi 1 i b r i um adsorp t i on  isotherm ind i ca tes  t h a t  dynamic water  vapor 
adso rp t i on  on s i l i c a  ge l  e x h i b i t s  the  same lower ing  o f  capac i t y  shown by 

A comparison o f  the adsorpt ion.  capac i t y  a t  25OC w i t h  the exper i -  
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dynamic adso rp t i on  o f  carbon d i x o i d e  by molecu la r  s ieve. 
data f o r  s i l i c a  ge l  were lower  than t h e  e q u i l i b r i u m  adsorp t i on  data ( 0 . 2 9 5  b 
~ ~ 0 / g  ge 1 ) ob ta i ned by A i  Research. 

The dynamic adso rp t i on  
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TABLE 5-3 

SUMMARY OF DYNAMIC WATER VAPOR ADSORPTIBN 
ON SILICA G E L  TEST DATA AND RESULTS 

Run  Number 

Carrier Gas 

Average In l e t  Mass Velocity, 
( l b / f t 2 - m i n )  

Average In l e t  Dew Point, 
O F  

Average I n l e t  H20 Part ia l  Pressure, 
mm Hg 

Total Pressure,, 
psia 

Bed Temperature, 
O C  (OF) 

Bed Length, 
i n .  

Samp 1 e W t  I 

g .  

Time t o  I n i t i a l  Breakthrough, 
rn i nut es 

Time t o  100% Breakthrough, 
minutes 

H 2 0  Adsorbed, 
g H2°/g .gel 

AIRESURCH MANUFACTURING DIVISION * LP. Ao&eles Caidorne 

I W  

N2 

* 1.53 

53.5 

10.4 1 

5. 54 
.. . 

25 (77) - 

I O  

33.75 

126 

300 

0.235 

4w 

N2 

1.50 

49.3 

8.89 

5.08 

15.6 (60) 

'IO 

33.75 

255 

4 6 6 .  

0.354 
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DYNAMIC DESORPTION STUDIES 

Scope 

Whi le the  techniques f o r  e v a l u a t i n g  the c o n t r o l l i n g  parameters f o r  mixed- 
gas adso rp t i on  a r e  reasonably w e l l  known (see Sect ion 4 ) ,  the same i s  n o t  
t r u e  f o r  vacuum desorpt ion.  A p r e l i m i n a r y  se r ies  o f  runs y i e l d e d  a q u a l i t a t i v e  
es t imate  of the desorp t ion  rates.  The more c o n t r o l  l e d  se r ies  o f  experimenta- 
t i o n  was s p e c i f i c a l l y  designed t o  i d e n t i f y  the  c o n t r o l l i n g  desorp t ion  step. 

P re l im ina ry  Runs 

A summary o f  the  vacuum desorp t i on  t e s t  c o n d i t i o n s  f o r  the  p r e l i m i n a r y  
se r ies  o f  runs conducted i s  repor ted  i n  Table 5-4. 

TABLE 5-4 

VACUUM DESORPTION TEST C O N D I T I O N S  

Ru n 

3 SG S i l i c a  Gel 

4 SG S i 3  i c a  Gel 

I MS Molecular Sieve 

0e d 
Weight 

9 

33.75 

33.75 

17.05 

17.05 

I n i t i a l  P 
mm Hg 

Desorpt ion 
Bath 

Tempe r a t u  r e  
O C  

50 

25 

25 

50 

*The bed was loaded w i t h  adsorbate a t  25OC, and then, a t  the s t a r t ,  a 5OoC 
ba th  was p laced around the  sample bed. 

F igures 5-25 through 5-28 g i ve  the  pressure h i s t o r i e s  o f  the  t e s t  bed 
f o r  each run. 
25OC; f o r  the  50°C desorp t ion  tests ,  the constant  temperature ba th  around the 
sample bed was changed p r i o r  t o  the s t a r t  o f  the run t o  one c o n t a i n i n g  water 
a t  5Q°C. 

Adsorpt ion o f  the  adsorbate f o r  each case was performed a t  

The temperature p r o f i l e s  o f  bo th  s i l i c a  gel (F igures  5-29 and 5-30) and 
molecular  s ieve  (F igures  5-31 and 5-32) beds suggest, as expected, t h a t  the  
vacuum end o f  the bed i s  desorbed f i r s t  and a "desorp t ion  wave" propagates 
through the  bed. Tests were performed t o  ensure t h a t  the thermocouples were 
n o t  i n  contac t  w i t h  the metal  heat t r a n s f e r  surfaces. 
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Figure 5-29 .  Bed Temperature Prof ' i l c  f o r  the Isothermal 
Vacuum Dcsorptlon of  Water Vapor from Davison 
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Desorpt ion a t  the h ighe r  temperature (5OoC), o f  course, gave h ighe r  
desorp t ion  ra tes  and, consequently, l a r g e r  temperature changes i n  the  bed 
than deso rp t i on  a t  25OC. The i n i t i a l  temperature change a t  the  vacuum end 
o f  the bed i s  g rea te r  i n  the  desorp t ion  o f  water  vapor from s i l i c a  ge l  than - .  
in t h e  desorp t ion  o f  the carbon d i o x i d e  from molecu la r  s ieve. T h i s  i s  under- 
standable s ince  t h e  heat of adso rp t i on  o f  water  vapor on s i l i c a  ge l  i s  about 
th ree  times g rea te r  than the heat  o f  adso rp t i on  o f  carbon d i o x i d e  on molecular  
s ieve. 

Determinat ion o f  Contro l  1 i n q  Step 

A t  the conc lus ion  of  t h i s  p r e l i m i n a r y  se r ies  i t  was c l e a r  t h a t  some under- 
s tanding o f  the c o n t r o l 1  i ng  phenomena du r ing  vacuum desorp t ion  was needed. A . 
se r ies  o f  t e s t s  was s t r u c t u r e d  t o  p rov ide  a measure o f  the importance o f  mass 
t rans fer ,  heat t rans fer ,  deso rp t i on  pressure (momentum), temperature l eve l ,  
and p a r t i c l e  s ize .  Thus, a m a t r i x  o f  t e s t s  was arranged f o r  C02 desorp t i on  
from molecular  sieve, a s  shown i n  Table 5-5, t o  p rov ide  comparative data w i t h  
which t o  assess t h e  i n f l uence  o f  these va r iab les .  

TABLE 5-5 

TEST M A T R I X  

By comparing the r e s u l t s  o f  t e s t s  A and C, the i n f l uence  o f  mass t r a n s f e r  
cou ld  be determined; A and D, heat t r a n s f e r ;  A and E, desorp t i on  pressure, 
A and B, temperature l e v e l ;  and A and F, i n t r a p a r t i c l e  d i f f u s i o n .  

Carbon Diox ide Vacuum Desorpt ion from Molecular  Sieve 

The i n d i v i d u a l  t e s t s  a r e  d isp layed i n  Appendix C, F igures C-43 t o  F igure  
C-53; the r e s u l t s  a r e  summarized i n  Table 5-6 and F igure  5-33. Examination 
o f  the data shows the r e l a t i v e  ease o f  CO;, removal from molecu la r  s ieve  by 
vacuum desorpt ion.  Over 70 percent  o f  the i n i t i a l  q u a n t i t y  o f  C02 present  
on t h e  s ieve i s  removed d u r i n g  the f i r s t  10 min o f  a 30 rnin run a t  25OC. 
percentage o f  C 0 2  removal ( w i t h i n  the  f i r s t  I O  min)  increases t o  a lmost  90 
percent. when the temperature i s  ra i sed  t o  506C. 
o f  the va r iab les  out1 ined p r e v i o u s l y  were  as f o l l o w s :  

Th is  

S p e c i f i c a l l y ,  the in f luences  
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( a )  Mass Transfer--Comparison o f  Runs 2 and 5 showed no d i f f e r e n c e  i n  
f i n a l  load ing  between an i n i t i a l  load ing  o f  8 percent  and I percent.  

Heat Transfer--Comparison o f  Runs 2 and 6 showed the i n f l uence  o f  
heat t r a n s f e r  (which a c t u a l l y  ref1ect.s the dependence on temperature 
l e v e l ) .  
0.7 percent  load ing  w h i l e  the bed h e l d  a t  5OoC had 0. I percent  
1 oad i ng. 

Desorpt ion Pressure--Very l i t t l e  , i f f eyence  was detected between 
Runs 2 and 4 .  A s  can be seen i n  Figures C-44 and C-46, pressure 
i n  the vacuum man i fo ld  du r ing  Run 2 was approx imate ly  IO microns, 
w h i l e  du r ing  Run 4 pressure was he ld  above 350 microns. Pressures 
w i t h i n  the bed d u r i n g  Run 4 i s  correspondingly  higher,  w i t h  minor 
i n f l uence  on desorpt ion.  Later ,  t e s t  se r ies  8 (F igure  C-50) us ing  
a lower f l o w  vacuum pump, w h i l e  ma in ta in ing  man i fo ld  pressures i n  

(b) 

A t  the end o f  30 m i n  the  a d i a b a t i c a l l y  desorbed bed had 

( c )  

j the 40 t o  100 micron range, aga in  showed on ly  minor d i f f e rence .  

(d)  Temperature Level - -This  parameter has the  most i n f l uence  o f  those 
measured. D i f fe rences  between 5OoC and 25OC runs j  such as Runs 

I and 2 ,  show t h i s  dependence. . 

( e )  P a r t i c l e  Size--Comparison o f  the  f i n a l  l oad ing  a f t e r  desorp t ion  
between Runs 9 and I I  shows very l i t t l e  d i f f e rence .  I t  had been 
theo r i zed  t h a t  i f  the  bas i c  phencmenon was pore d i f f u s i o n - 1  i m i  ted, 
the l a r g e r  p a r t i c l e  hav ing longer  pores would e x h i b i t  a lower ra te .  
Ac tua l l y ,  a s l i g h t l y  h igher  r a t e  was detected. 

The q u a n t i t a t i v e  de terminat ion  o f  the parameters necessary f o r  d e s c r i p t i o n  
o f  t h e  desorp t ion  process i s  descr ibed i n  Sect ion 7. 

Water Vapor Vacuum Desorpt ion from S i l i c a  Gel 

A se r ies  of  desorp t ion  t e s t s  of water vapor from s i l i c a  ge l  was conducted 
us ing  the  same t e s t  bed and t e s t  technique used to  s tudy  the desorp t ion  o f  CO2 
from molecular  sieve. Test  data a r e  summarized i n  Table 5-7 and F igure  5-34. 
The i n d i v i d u a l  t e s t  r e s u l t s  appear i n  Appendix C, Figures  C-54 t o  F igu re  C-61. 
Temperature appears t o  be the most s i g n i f i c a n t  f a c t o r  i n  the  removal o f  water 
vapor f r o m . s i 1 i c a  ge l  by  vacuum desorpt ion.  Wi th  a H 2 0  vapor concent ra t ion  
o f  approx imate ly  6 w t  percent  present  on the  gel, a 30 minute desorp t ion  a t  
25', 38O, and 5 O o C  reduced the  i n i t i a l  water  vapor concent ra t ion  by  55, 79, 
and 88 percent, respec t i ve l y .  A change i n  the  p a r t i c l e  s i z e  produced r e s u l t s  
s i m i l a r  t o  t h a t  encountered du r ing  the  molecu la r  sieve, CO, removal t e s t  
ser ies;  i.e., water vapor was removed a t  a s l i g h t l y  h igher  r a t e  f o r  t he  l a r g e r  
(3-8 mesh) granules then t h e  6-16 mesh gel. 
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Water Vapor Vacuum Desorption f rom Molecular Sieve 

Preliminary studies indicated that the desorption of water vapor from a 
poisoned molecular sieve bed would present a fundamental problem in rate 
kinetics and would have to be investigated to complete the regenerable CO2 
removal system design analysis. The series of tests conducted, involving the 
vacuum desorption of water vapor from molecular sieve, i s  listed and the 
results are summarized in Table 5-8 and Figure 5-35. The indivldual test  result^, 
are presented in Appendix C y  Figures C-62 through C-73, Examination of 
Figure 5-35 shows the pronounced effect of temperature and vacuum desorption 
time on the removal of vapor from a water vapor poisoned molecular sieve. 
Temperatures in excess of 2OO0C are required for regeneration of a water vapor 
poisoned molecular sieve bed. It is interesting to note that in studies con- 
ducted by Kel'tsev (Reference 5-12), the water vapor removal rate from synthetic. 
zeolites was inversely proportional to the squares of the grain diameters, 
indicating that pore diffusion is the controlling factor in the remwal of 
water vapor from pure molecular sieve granules. 
cular sieve suspended in an inert matrix, do not yield these results. 

She present studies, on mole- 
' 1. 

f :. It should be noted that, although the level to which the sorbent i s  loaded 
with water remains rather high, the initial rate of desorption i s  high. Also, . 
the final loading i s  within experimental error of being exactly that at 
equilibrium. 

Discussion of Test Results 

As described in the review of dynamic adsorption tests, a consistent reduc- 
tion in capacity was noted when-compared with-equi1 lbrium data for both C02 
on molecular sieve and water vapor on silica gel, While the type and t o t a l  
pressure of the carrier gas had an effect, a fundamental reduction below 
equilibrium capacity always occurred. It became obvious that this reduction 
was a mechanism limitation peculiar to the dynamic adsorption process, i.e., 
rate dependent. 
appears to be of three different types (Reference 5-1 I ) :  physical adsorption, 
chemisorption, and adsorption by an ion-dipole interaction or polarization 
(Reference 5- 12) caused by the actions in the zeol ite. In the current area of 
interest, i.e,, pressures and temperatures exceeding 0.3 mm Hg and O°C, 
respectively, physical adsorption i s  of primary importance in the adsorption 
of carbon dioxide on molecular sieve. In general there are three rate-deter- 
mining mechanisms ( I )  gas phase external mass transfer diffusion from the fluid 
stream to the outer surface of the particle, (2) gas-phase pore diffusion, and 
(3) surface adsorption (or sticking) in the pores. In desorption tests con- 
ducted with 1/8th and 1/16th-in. 0 D particles, no significant difference in 
the rate of desorption was observed using COP and Type 5A molecular sieve. 
Thus, mechan'ism (2) would not seem important. 

The adsorption of carbon dioxide on molecular sieve zeolites 

If mechanism ( I )  is controll ing, the mass transfer rate would be expected 
to increase inversely within the 1.5 power of the particle diameter. If 
mechanism (2) i s  controlling, one would expect the mass transfer rate to  vary 
inversely with the square of the particle diameter. 
program it was noted that the time required.to reach equilibrium was fairly 

During the laboratory test 
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Test 
No. 

I 

2a 
b 

_I 

C 

3a 
b 
C 

4 

5a  
b 

63 

b 

C 

75 

b 

8 

9 

10 

I 1  

12 

TABLE 5-8 

DESORPTION OF WATER VAPOR FROM A 5/8- IN.-DIA BED OF 
I /  16-IN.-  D I A  L I N D E  TYPE 5 A  MOLECULAR SIEVE PELLETS 

I n i t i a l  Loading, 
percent 

5 

8.2 
5.3 

4.3 

10.0 

8.5 

7 .o 

9.9 

’ 6.4 

4.15 

5.0 

2.0 

1.1 

5.2 
4.5 

5.2 

10.1 

6. I 

5.0 
3.2 
2.15 
I .35 
I .4 
X 

5.0 

Dssorpt Ion 
Temperature, ‘C 

200 

I50 
I 5 0  
150 

100 
100 

IO0 

100 

I O 0  

I O 0  

200 
200 
200 

IO0 
I O 0  

100 

IO0 

100 

200 
200 
200 
200 
200 

200 

200 

Q 

+Y 
1.9 hr  a t  e q u i l i b r i m  

24.1 hr a t  equi l ibr ium 
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Flnal Loading, I percent 
Desorption 

Tlma 

Unsuccessful due to leakage 

5 m l n  

10 m l n  

I5 mln 

5 m l n  

10 m l n  

30 mln 

30 mln 

17 h r  
19 h r  

30 mln 

4.75 h r  

16.5 hr  

30 mln 

64.4 hr  

30 mln Nz 

5 nln vac 
25 min vac 

30 mln N2 

5 min vac 
25 m l n  vac 

I hr NZ 
5 m l n  vac 

2 mln 
8 inln 

90 mln 

18.2 h r  
3 hr 

16.6 hr 

30 mln Nz 

5 min vac 

5.3 
4.3 

3.5 

8.5 
7.0 

5.2 

6.4 

4.15 
3.3 

2.0 
1 . 1  

1.0 

4.5 
3.0 

3.5 
3.6 

7.75 

5.4 

5.3 

3.2 
2. I5  

1.35 
1.4 

X 
0.49 
1.1- 

2.2 

Pressure, 

--- 
44 
32 

25 

33 
26 

17 

Vacuum th ro t t l ed  
t o  215 

16 

16 

23 

16 

14 

18 

18 

Dry GNp purge e t  
5 p s l a  

Dry GNz purge a t  
5 psla 

Dry GNz purge a t  
5 psla 

65 
37 
17 
19 

13 
I O  

Dry EN2 purge a t  
5 psla 
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long i n  many instances;  f o r  t h i s  reason mechanism ( 3 ) j  {.e., the " s t i c k i n g "  
phenomenon, i s  p r e s e n t l y  considered the  c o n t r o l l i n g  s tep and accounts f o r  the 
lower dynamic adso rp t i on  capaci ty .  Further,  more q u a n t i t a t i v e  bases fo r  t h i s  
conclus ion a r e  a r r i v e d  a t  i n  Sect ion 7, where the  data a r e  evaluated by means 
of d e t a i l e d  ana lys is .  
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SECTION 6 . 

PROTOTYPE EXPERIMENTAL TEST PROGRAM 

INTRODUCTION 

To prov ide  in fo rmat ion  on the performance o f  f u l l - s c a l e  s i l i c a  ge l  and 
molecular  s ieve  beds a se r ies  o f  t e s t s  was conducted on a 6 in. by 6 i n .  by 
6 i n .  aluminum p l a t e  f i n  heat exchanger packed w i t h  va ry ing  amounts o f  s i l i c a  
ge l  and molecu la r  s ieve. . A  photograph o f  the exper imental  system appears i n  
F igure  6-1. The t e s t  bed and va lve  assembly appears i n  F igure  6-2, and a 

' photograph o f  the sorbent bed and heat exchanger core i s  shown i n  F igure  6-3. 

WATER VAPOR ON SILICA GEL 

Pu rpos e 

Expermients were performed t o  i n v e s t i g a t e  the i n f l uence  o f  desorp t ion  
pressure and temperature upon the adso rp t i on  performance o f  t h e  s i  1 i ca  gel  
bed. P re l im ina ry  ana lys i s  had ind i ca ted  t h a t  a 2 - in .  bed depth would be su f -  
f i c i e n t  t o  reduce the water  vapor concen t ra t i on  f rom a dew p o i n t  o f  52OF 
(IO mm Hg p a r t i a l  pressure)  t o  a dew p o i n t  o f  -54OF (0.04 mm Hg p a r t i a l  
pressure) f o r  mass v e l o c i t y  of 0.30 l b / f t 2 - m i n  a t  a t o t a l  pressure o f  5 ps ia ;  
these r e s u l t s  were a n t i c i p a t e d  f o r  ii 30-min adso rp t i on  c y c l e  wher, the  prev ious  
30-min desorp t ion  c y c l e  was performed a t  a nominal 
pressure of 200 mm Hg a t  the face ( d i r e c t l y  exposed t o  t h e  vacuum man i fo ld )  
o f  the desorb ing bed. This  t e s t  s e r i e s  was conducted t o  con f i rm  t h i s  a n a l y s i s  
and t o  determine the  importance o f  such v a r i a b l e s  as desorp t ion  coo lan t  
temperature and desorp t ion  pressure.  

100°F bed temperature, and a 

Technique 

The heat exchanger was packed w i t h  a 2- in .  l a y e r  (1.75 l b )  o f  Grade 05, 
6-16 mesh Davidson s i 1  i ca  ge l .  The balance o f  the depth of  the heat  exchanger 
was f i l l e d  w i t h  5 l b  o f  3-4 mm pyrex g lass  beads. The bed was then i n s t a l l e d  
i n  the t e s t  setup as shown i n  F igure  6-4, w i t h  the s i l i c a  ge l  s e c t i o n  ad jacent  
t o  the gas valve. 

Flow was induced through the  bed by opera t i on  o f  the  gas vacuum pump. 
N i t rogen gas f l ow  was es tab l i shed  a t  the des i red  f l o w  r a t e  by r e g u l a t i n g  the  
Ne i n j e c t i o n  va lve  and observ ing f l o w  meter readings. Pressure i n  the  bed 
was then ad jus ted  by r e g u l a t i n g  the  t h r o t t l i n g  va l ve  i n  the l i n e  t o  the  gas 
vacuum pump. I n l e t  dew p o i n t  was ad jus ted  by va ry ing  t h e  temperature of the  
coo lan t  f l o w  t o  the heat exchanger downstream of the water  bubb l ing  chamber. 
Dur ing adsorpt ion,  t h e  gas va l ve  upstream o f  the bed was p o s i t i o n e d  f o r  f l o w  
through the  bed, and the  bed heat exchanger va lve  was p o s i t i o n e d  t o  feed cool  
g l y c o l  through the heat exchanger core. When desorp t i on  was desired, the gas 
valves and coo lan t  valves were swi tched s imul taneously ;  the bed vapors were 
d i  rec ted  t o  the I i q u i  d n i t r o g e n  c o l d  t r a p  and vacuum pumping system, and warm 
coo lan t  was pe rm i t ted  t o  e n t e r  the t e s t  bed heat exchanger core. For some 
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Figure  6-1. Proto type  Test System 
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F igu re  6-2. P ro to type  Sorbent Tes t  Bed and Valve Assembly 
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GLYCOL HEAT EXCHANGER 
COKE (TYPICAL) . 

THERMOCOUPLE 

I 

Figure  6-3. Prototype Sorbent Bed and Heat Exchanger Core 
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runs the desorp t ion  pressure was ad jus ted  by b leed ing  d ry  n i t r o g e n  i n t o  the 
vacuum pumping system t o  e s s e n t i a l l y  decrease i t s  pumping r a t e  from the bed, 
thus inc reas ing  the deso rp t i on  bed face pressure. 

Dur ing each run, temperatures were recorded by a Brown M u l t i p o i n t  Recorder; 
pressures and i n l e t  and o u t l e t  dew p o i n t s  were measured and recorded manual ly.  

Test Resul t s  

Table 6-1 summarizes the  t e s t s  conducted. ,F igure 6-5 shows r e s u l t s  
ob ta ined du r ing  Run No. 272, which i s  t y p i c a l  f o r  a l l  runs. The o u t l e t  dew 
p o i n t  as reasured was compared t o  t h a t  computed, us ing  the technique descr ibed 
i n  the next  sect ion.  For purposes o f  s i m p l i c i t y ,  the bed was assumed t o  be 
isothermal du r ing  adsorp t ion  and a l s o  du r ing  desorpt ion.  The temperatures 
were determined p r i m a r i l y  by t h e  coo lan t  temperatures. 
6-8 show the comparison. The adso rp t i on  mass t r a n s f e r  c o e f f i c i e n t  used was 
0.7 by I ,Om3 i n  a l l  cases. I t  had, however, very l i t t l e  e f f e c t  s ince the  . 
p r e d i c t e d  o u t l e t  dew p o i n t  depended almost e x c l u s i v e l y  on the water  l oad ing  a t  
the end o f  desorpt ion.  This  l oad ing  i s  a f u n c t i o n  o f  bed temperature and 
water  p a r t i a l  pressure d u r i n g  desorpt ion.  The c o n s i s t e n t l y  b e t t e r  performance 
o f  the  bed over t h a t  ca lcu la ted ,  then, must be due t o  b e t t e r  deso rp t i on  than 
i s . i n d i c a t e d .  I nspec t i on  o f  the bed pressures d u r i n g  deso rp t i on  shows an 
unusua l ly  h igh  drop between the face and back f o r  the f l o w  o f  water  vapor 
occu r r i ng  (F igure  6-9). 
o n l y  be caused by a l eak  a t  t h e  back o f  t he  bed. 
e s s e n t i a l l y  d ry  and would a c t  as an e f f e c t i v e  purge, thus improving the 
adso rp t i on  performance. 

F igures 6-6, 6-7, and 

Th is  suggests a h ighe r  gas f l o w  rate,  which cou ld  
The gas l e a k i n g  i n  would be 

A b e t t e r  method f o r  de termin ing  the adso rp t i on  mass- t ransfer  c o e f f i c i e n t  
i s  t he  use o f  the breakthrough performance. F igure  6-10 shows the e f f e c t  o f  
the  adsorp t ion  mass- t ransfer  c o e f f i c i e n t  on the p r e d i c t e d  o u t l e t  dew p o i n t .  
The i n i t i a l  load was assumed t o  be n e a r l y  zero, s ince  the  breakthrough was 
performed immediately f o l  lowing a bakeout. 

The c o e f f i c i e n t  w i l l  be a s t rong  f u n c t i o n  of how t h e  bed i s  packed 
around the heat exchanger core. 
p rov ide  h igh  i n t e r s t i t i a l  v e l o c i t i e s ,  and y i e l d  a h i g h  mass- t ransfer  c o e f f i c i e n t .  
Th is  i s  the case o f  the 2- in .  p ro to type  bed, where a r a t h e r  h i g h  va lue o f  
1.0 by 
was est imated by r a t i o  from the packed d e n s i t i e s  o f  t h i s  bed and the  5/8- in .  
bed, where an ASG o f  700 was used. 

A t i g h t  pack w i l l  e l  im ina te  channel ing, 

a long  w i t h  a h i g h  contac t  area, ASG, o f  935, was best .  Th i s  area 

Discussion o f  Test  Resul ts  

O u t l e t  dew p o i n t  data ob ta ined conf i rmed i n i t i a l  p r e d i c t i o n s  of f u l l - s c a l e  
bed performance t o  a cons iderab le  degree. 
impor tant  v a r i a b l e  i n  o b t a i n i n g  h igh -e f f  i c i e n c y  p red rye r  sec t ions  f o r  a regen- 
e r a t i v e  C02 removai u n i t  i s  deso rp t i on  temperature and pressure.  The water  
vapor o u t l e t  p a r t i a l  pressures recorded du r ing  adso rp t i on  as Shawn a r e  a lmost  
constant  f o r  the e n t i r e  adso rp t i on  run, i n d i c a t i n g  t h a t  the  adso rp t i on  mass 
t r a n s f e r  zone i s  w i t h i n  the 2- in .  depth f o r  the e n t i r e  run. Thus, t h e  o u t l e t  

A s  mentioned e a r l i e r ,  t he  most 
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TABLE 6-1 

SILICA GEL PERFORMANCE 

Tests o f  a 2-in.-deep 6-15 mesh (1.75 l b )  s i 1  i ca  ge l  bed i n  a 6- in .  by 
5.8- in. face heat exchanger. 

C a r r i e r  gas 

Gas f l o w  

N i t rogen  a t  5 p s i a  

3.5 I b / h r  (0 .302 l b / f t * - m i n )  

Adsorbent cool  an t  tempera t u  r e  58OF 

Test 
S e r i e s  

2- I 

2- 2 

3- I 

3- 2 

2- 3 

2-4 

4- I 

5- I 

-- 

Coolant f l ow  

I n l e t  dew p o i n t  

H a l f  c y c l e  t i m e  

Tot9 1 
Time, 

H r  

5- 1 / 2  

12 

6- 1/2 

6 

7- 1/2 

2-.I / 2  

6 

8- 1/2 

Iesorb 
zoo1 an t  
TmP, 

OF 

I15 
t o  
I20 

9? 
t o  
i 00 

80 

80 

100 . 

I O 0  

70 
ads 

IO0 

200 l b / h r  

52OF, IO mm Hg 

30 min 

O u t l e t  Water 

Pa r t  ia I 
--- 

Dew Point ,  
OF 

-70 t o  -75 

-75 t o  -80 

-40 t o  -50 

-30 t o  -35 

-55 t o  -60 

-50 to -55 

-30 t o  -35 

-50 t o  -55 

AIRESEARCH MANUFACTURING DIVISION 
Lor Anaeler Calilornta 

P res s u  re, 
MM Hg 

0.012 

0.0072 

0.07 

0.15 

0.03 

0.042 

0. 15 

0.042 

Bed Face 
Pressure A t  

End O f  
Desorption, 

v 
40 

40 

40 

500 

I75 

500 

40 

200 

Rema r k s  
-x 

O u t l e t  dew 
p o i n t  
appears low 

70°F Adsor- 
bent  cool  - 
a n t  

Gas f low 
increased 
t o  3.75 l b / h r  

67- I75 I 
Page 6-7 



TABLE 6- I ( con t  i nued) 

+kRun on mod i f i ed  bed: 2-7/16-in. deep (1.0 l b )  s i l i c a  ge l  i n  4 . 3  in.by 4.8 
in. ‘face area. Gas f l o w  5.5 l b /h r .  -. 
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0.2 

0.1 
0.09 

m 0.08 
0.07 
0.06 

I 

z 

f- 

0 
f) 0.05 

0 

I 
N 0.04 

a 

0.03 

0.02 

0.01 
0.09 

0.07 

O.Ot 

0.01 

0 .o 

0.0 

0.0,  

0 .o 

A-35692 
TI ME, M I NUTES 

57- 275 I 
Page 6-10 



I . -  

0. 
01 X 

0 
I 
N 

Q 

0 

.. . -I - .. . 

8-14183 TIME, WINUTES 

F i g u r e  6-7. I - in .  S i l i c a  Gel T e s t s  

AIRESEARCH MANUFACTURING DIVISION 
Lor Angelas, California 

67- I751 
Page 6- I I 



r, 

I. il 

TIME, MINUTES 8-141 82 

F i g u r e  6-8. 2-in. Silica Gel Tests  

67- 1751 
Page 6- 12 



0 
0 cv 
c 

0 0 0 0 0 
0 * 0 0 

CQ 9 8 

6H SNOtl31W '3YnSS311d 

67- I75 I 
Page 6-13 



1 .o 

t 

X W 
- 

B- 1 4 I 84 TI ME, MI NUTES 

F i g u r e  6- IO. Water Breakthrough- OR 3- in.  S i 1  i ca  Gel Bed 

AIRESEARCH MANUFACTURING DIVISION 
LM b ~ e e l r s  California 

67- I75 I 
Page 6- I/+ 



p a r t i a l  pressure i s  in f luenced almost e x c l u s i v e l y  by the res idua l  load ing  o f  
the  bed from the prev ious  desorpt ion.  Th is  w i l l  be c h a r a c t e r i s t i c  o f  a l l  
p redryer  designs, s ince  the important f a c t o r  i n  these u n i t s  i s  abso lu te  maxi- 
mum water  removal t o  p r o t e c t  the molecu la r  s ieve bed downstream. . 

COP AND WATER VAPOR ON MOLECULAR S I E V E  

Purpose 

This  t e s t  se r ies  was i n i t i a t e d  t o  prov'ide con f i rma t ion  o f  p r e d i c t e d  COz 
removal e f f i c i e n c y  o f  mo lecu la r  sieves, by i n v e s t i g a t i n g  the  
size, bed temperature, and coadsorbed water du r ing  a d i a b a t i c  
swing operat ion.  

Technique 

The heat exchanger was packed w i t h  va ry ing  depths o f  I /  
Type 5 A  molecular  s ieves. The balance o f  the heat exchanqer 

e f f e c t  o f  bed 
and thermal 

6 - in .  p e l l e t ,  L inde 
was f i l l e d  w i t h  

g iass beads. 
6-11 w i t h  the  molecular  s ieve  s e c t i o n  ad jacent  t o  the gas valve.  

The bed was then i n s t a l l e d  i n  the t e s t  setup as shown i n  F igure  , 

Operat ion and procedures w e r e  the  same as dur ing  the  s i l i c a  gel  tests ,  
except t h a t  pure CO, was i n j e c t e d  i n  the n i t r o g e n  c a r r i e r  gas upstream o f  the 
bed, and the i n l e t  and outlet,C02 concen t ra t i on  was moni tored by  an i n f r a r e d  
C O P  analyzer .  H,O i n j e c t i o n  was r e s t r i c t e d  t o  low l e v e l s  t y p i c a l  o f  t h a t  
a n t i c i p a t e d  from the s i 1  i ca  ge l  p red rye r  (below -5OOF dew p o i n t ) .  I n j e c t i o n  
o f  t h i s  very smal l  amount o f  water vapor was accomplished by b leed ing  i n t o  
the  c i r c u i t  small amounts o f  l abo ra to ry  ambient a i r .  

Test -Results 

1 .  Test Ser ies 6 and 7 ( I - in . -deep t e s t  bed) . 

A t o t a l  o f  219 h r  o f  c y c l i c  ope ra t i on  was conducted on the t e s t  ? n i t  , 

packed w i t h  a I - i n .  depth (0.5 l b )  o f  1/16- in.-dia p e l l e t ,  L inde Type 5 A  
molecular  s ieve. The se r ies  o f  t e s t s  conducted, o u t l i n e d  i n  Table 6-2, pro-  
v ided in fo rmat ion  on thermal swing and a d i a b a t i c  ope ra t i on  o f  the bed, a t  
cond i t i ons  s imu la t i ng  a n t i c i p a t e d  f i n a l  design cond i t ions .  I n  add i t i on ,  an 
acce le ra ted  water po ison ing  t e s t  was conducted, w i t h  p e r i o d i c  measurement o f  
C02 removal performance as water  bu i l dup  accumulated. The i n i t i a l  p o r t i o n s  
o f  t h i s  t e s t  were repeated tw ice  f o l  low ing  extended bakeout per iods  t o  conf  1 rm. 
f i nd ings .  
f o r  the var ious  runs, i n  a l l  cases a f t e r  s u f f i c i e n t  cyc les  had been run t o  
e s t a b l i s h  s t a b i l i t y .  The d i f f e r e n c e s  i n  performance between runs i s  a t t r i -  
buted t o  d i f fe rences  i n  res idua l  water  loading, w i t h  bes t  performance o c c u r r i n g  
du r ing  runs 6-8 and 7-3, a f t e r  a 30-hr bakeout. Water load ing  a t  t h i s  p o i n t  
i s  est imated t o  be l ess  than I percent,  w i t h  o t h e r  runs shown i n d i c a t i n g  
res idua l  water up t o  2 percent .  

F igures 6- 12 and 6- I3 show rep resen ta t i ve  CO, breakthrough curves 
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2.  Test Ser ies 8 (Z-in.-deep t e s t  bed) 

Fo l low ing  the  I - i n .  bed tes ts ,  a sho r t  se r ies  o f  runs-was conducted t o  
determine the  C02 removal performance w i t h  a 2- in.  (1 .7- lb)  bed. Table 6-3 
summarizes the t e s t s  conducted, and F igure  6-14 shows t y p i c a l  C02 breakthrough 
cu rves . 
3. Test  Ser ies 9 ,  10, and I I  (3-in.-deep t e s t  bed1 

Fo l low ing  the 2- in.  bed tests ,  the t e s t  .heat exchanger was loaded w i t h  
about 2 I b  of molecu la r  s ieve  t o  a 3 - in .  depth. Test  s e r i e s  9 was conducted. 
Dur ing these t e s t s  considerable d i f f i c u l t y  was exper ienced i n  a t t a i n i n g  a leak- 
t i g h t  system d u r i n g  desorpt ion.  
6-15, e l  im ina t i ng  the ex tens ive  adso rp t i on  duct ing.  Fo l low ing  t h i s  r e v i s i o n  
to the t e s t  setup, a se r ies  o f  t e s t s  was conducted, p a r t i c u l a r l y  t o  p rov ide  
f u r t h e r  data on water  po isoning.  
p e r i o d i c  C02 adsorp t ion  performance measurement; i n  add i t i on ,  t h r e e  CO, 
adsorp t ion  breakthrough curves t o  e q u i l  ib r ium were  obta ined a t  var ious  i n l e t  
p a r t i a l  pressures,  shown i n  F igure  6-16. Table 6-4 summarizes t h i s  t e s t  ser ies,  
and F igure  6-17 shows t y p i c a l  r e s u l t s  on a f r e s h  bed. 

t : 
The t e s t  setup was rev ised as shown i n  F igure  

Run 1 1 - 1  was a cont inuous H20 i n j e c t i o n  w i t h  

Ca lcu la t i ons  and Water Po ison ing  

I n  o rder  t o  f i n d  the bes t  constants  f o r  p r e d i c t i n g  bed performance and 
a l s o  t o  examine methods f o r  estimating the e f f e c t  o f  water  poisoning, computer' 
comparisons were made w i t h  the data f rom the tes ts .  

El 
r" 
h "  1 .  One-In. Bed Y 

a. Dry Bed Performance 
P" a.. 

Although the mass o f  mo lecu la r  s ieve  loaded . i n t o  the bed was measured, i t  
conta ined an unknown amount o f  adsorbed m a t e r i a i ,  mos t l y  water. For use i n  
ca l cu la t i ons ,  the d r y  mass o r  mass a v a i l a b l e  f o r  GO, must be known. 
way t o  o b t a i n  t h i s  i s  from the amount o f  CO, a c t u a l l y  adsorbed under known ' 

pressure and temperature cond i t ions .  Comparison o f  t h i s  resu l t ,  c a l c u l a t e d  
from the known f l o w  r a t e  and i n l e t  and e f f l u e n t  C02 pressure, w i t h  the equi -  
l i b r i u m  load ing  a t  those cond i t i ons  y i e l d s  t h e  bed weight.  Run 6-3 t o  break- 
through was 'used. A bed weight  of 3.375 l b  was ca lcu la ted .  The f o u r t h  adsorb 
c y c l e  i s  compared t o  the s teady-s ta te  computed r e s u l t s  i n  F igure  6-18. A mass- 
t r a n s f e r  d o e f f i c i e n t  f o r  adso rp t i on  of 0.9 by IOm4 was used a long  w i t h  5.0 by 

f o r  desorpt ion.  The desorp t ion  c o e f f i c i e n t  i s  the  same formed f o r  a l l  
t es t i ng ,  on the 5/8- in . -d ia  bed as w e l l  as the  l a r g e  p ro to type  bed. However, 
the c o e f f i c i e n t  f o r  adso rp t i on  i s  much smal ler  than t h a t  formed f o r  the  S / S - i n .  
bed. As w i l l  be discussed i n  Sect ion 7, the  e f f e c t  o f  channel ing is considered 

The best I: 

.most  responsib le  f o r  the decreased c o e f f i c i e n t  i n  a h i g h l y  f i nned  bed. 

b. Water Po ison inq  

An accura te  d e s c r i p t i o n  of C02 performance on a bed exposed t o  some water  
vapor would r e q u i r e  knowledge o f  coadsorpt ion e q u i l i b r i u m  as well as r a t e  data. 
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3. Water Breakthrouqh on Molecular  Sieve 

I n  o rder  t o  check the idea o f  a f l a t  H20 adso rp t i on  p r o f i l e  and a l s o  t o  
check the e q u i l i b r i u m  data, the  breakthrough Run 1 1 - 1  on the 3-in.-deep bed 
was compared w i t h  computed r e s u l t s  f o r  the same run. The L inde e q u i l i b r i u m  
data was f i t  f o r  t h i s  purpose w i t h  the  a n a l y t i c a l  representa t ion :  

2.851nT - 16.4 - ln(1oqloW - 1.255) 
2.29 - 0.0113T + 1.54 x IOm5TZ l o g l o p  = 

ZOOOF Z T 2 20°F 

where P = pressure, mm Hg 

W = loading, l b / l b  

. T = 'temperature, OF 

The bes t  match i s  shown i n  F igure  6-23. The sharp breakthrough was con- 
firmed, b u t  e i t h e r  the  mass o f  sorbent c a l c u l a t e d  e a r l i e r  o r  t h e  e q u i l i b r i u m  
data would seem t o  be s l i g h t l y  i n  e r r o r .  A mass- t ransfer  c o e f f i c i e n t  o f  
3.0 x tom4 y i e l d e d  a s lope s i m i l a r  t o  t h a t  o f  the exper imental  data. 

Discussion o f  Test Resul ts  

1 .  COz on Molecular  Sieve 

. 
- 
Two fundamental c h a r a c t e r i s t i c s  o f  the molecular  s ieve  were conf i rmed 

d u r i n g  t h i s  t e s t  s e r i e s .  F i r s t ,  bas i c  adsorp t ion  data were ob ta ined and 
compared t o  a n a l y t i c a l  p r e d i c t i o n s  based on small bed tes ts .  These compar- 
isons, as o u t l i n e d  i n  Sect ion 7, were genera l l y  q u i t e  close, and conf i rma- 
t i o n  o f  constants  t o  be used i n  performance p r e d i c t i o n  was thus obtained. 
Second, and o f  equal importance, the i n f l uence  o f  res idua l  o r  coadsorbed 
water  on C02 removal performance was obtained. 

2. I n f l uence  o f  Water on the  Molecular  Sieve 

A s  shown i n  F igures 6-20 and 6-22, a marked reduc t i on  i n  C02 removal 
c a p a b i l i t y  occurs as the molecular  s ieve  p i c k s  up water. 
o f  the H20 load ing  data f o r  these t e s t  runs i s  open t o  some doubt s ince  
i n i t i a l  l oad ing  cou ld  o n l y  be est imated from bakeout condi t ions,  and some 
d i f f i c u l t i e s  were exper ienced i n  ma in ta in ing  the sys tem. leak - t i gh t  throughout 
the runs. However, the i n d i c a t i o n  o f  r a p i d  decay o f  CO, removal c a p a b i l i t y  i s  
obvious and conf i rms data ob ta ined i n  the  small-bed t e s t  program. To prov ide  
f u r t h e r  data on water  poisoning, t e s t  se r ies  1 1 - 1  and 11-2 were conducted on 
the  3- in .  deep bed. To acce le ra te  water  loading, a h i g h  i n l e t  p a r t i a l  pressure 
was used, 2.6 rnm Hg (+20°F dew p o i n t ) .  
measurement, Run I I -  I (F igu re  6-23) was c a r r i e d  t o  complete breakthrough w i t h -  
o u t  i n t e r r u p t i o n .  
t h i s  run g i v i n g  a 16.4 percent  d e l t a  loading. Wi th  the  assumed I percent  
i n i t i a l  loading, t h i s  g ives a t o t a l  load ing  a't complete breakthrough o f  17.4 

Absolute accuracy 

To check accuracy o f  water  l oad ing  

A t o t a l  o f  0.32 l b  o f  H20 was adsorbed i n  the  bed d u r i n g  
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percent, which agrees reasonably w e l l  w i t h  L inde e q u i l i b r i u m  data of I8 t o  
18.5 percent. Run 11-2 (F igure  6-16) was i n t e r r u p t e d  a t  a r b i t r a r y  times, and 
C o p  removal performance measured. To ta l  water  bu i l dup  i n  the molecular  s ieve  
du r ing  the run was 0.33 l b  o f  ti20 o r  17 percent  d e l t a  loading. Again t h i s  
agrees favorab ly  w i t h  a res idua l  l oad ing  o f  approx imate ly  I percent  g i v i n g  a 
t o t a l  load a t  complete breakthrough o f  18 percent.  F igure  6-22 sho s C 0 2  
removal performance measured d u r i n g  the water  i n j e c t i o n  run. These runs 
i n d i c a t e  a slow degradat ion of  C02 removal performance as water  b u i  dup 
occurs i n  the  molecular  s ieve. 

3. P r e d i c t i n q  the In f l uence  o f  Water on Molecular  Sieve 

As mentioned prev ious ly ,  a method o f  p r e d i c t i n g  t h i s  slow degra t ion  o f  
the  C02 adsorp t i on  capabi l  i t y  o f  mo lecu la r  s ieve migh t  r e q u i r e  an exhaust ive 
ana lys i s  o f  the coadsorpt ion phenomena. The d i f f i c u l t y  i n  o b t a i n i n g  funda- 
mental r a t e  data o f  two o r  three gas mixtures,  as w e l l  as the complex mathe- 
ma t i ca l  mode1 requ i red  f o r  computer p r e d i c t i o n  o f  coadsorption, prec luded t h e  
use of t h i s  approach. Rather, an at tempt  has been made t o  c o r r e l a t e  the data 
obta ined i n  the t e s t s  o u t l i n e d  i n  t h i s  sec t i on  and Sect ion 5, and e s t a b l i s h  
an approximate ana lys i s  method w i t h  reasonable accuracy. Wi th  t h i s  model i t  
i s  poss ib le  t o  p r e d i c t  C 0 2  removal performance us ing  the  a n a l y t i c a l  model 
developed f o r  s i n g l e  gas adsorpt ion.  The a c t i v e  zone i s  always considered 
the  minimum bed depth f o r  C02 removal; and an a d d i t i o n a l  depth o f  bed i s  
p rov ided t o  adsorb the small b u t  s i g n i f i c a n €  amount o f  H20 which i s  d i s -  
charged from the s i l i c a  gel p'redryer. I t  i s  assumed t h a t  very  l i t t l e  o f  
t h i s  water i s  desorbed from the molecular  s ieve du r ing  normal c y c l i c  opera- 
t i o n  s ince 'da ta  presented i n  Sect ion 5 sOo1rl t h a t  the  r e l a t i v e l y  low tempera- 
t u r e  and s h o r t  d u r a t i o n  o f  c y c l i c  desorp t ion  ( n o t  over  IOOoF, o r  30 min) w i l l  
desorb very 1 i t t l e  H20. Thus, p reduc t i on  of po ison ing  r a t e  i s  accompl ished 
by decreasing bed depth a t  a r a t e  equal t o  water i n j e c t i o n  r a t e  d i v i d e d  by 
bed load ing  c a p a b i l i t y  f o r  H20. C02 removal performance i s  est imated by 
cons ider ing  t h i s  bed depth as no t  be ing  a v a i l a b l e  f o r  CO, adsorpt ion.  
i n  F igures 6-20 and 6-22 a r e  r e s u l t s  o f  such a p red ic t i on ,  showing the expected 
C o p  removal performance as the  bed i s  poisoned by the  inc reas ing  amounts o f  
water  added. 

P l o t t e d  

I 
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SECTION 7 

DIGITAL COMPUTER P R E D I C T I O N  DEVELOPMENT 

I NTRO DUCT1 ON 

The present  computer program package f o r  the Univac 1107 computer, S9950 
through S9999, was developed t o  p r e d i c t  the t r a n s i e n t  performance o f  a composite 
molecular  sieve, s i l i c a  gel  bed f o r  CO, removal, which may be operated e i t h e r  
under a d i a b a t i c  o r  thermal swing cond i t ions .  
C02 removal system i s  shown i n  F igure  7- I. 

A schematic drawing o f  such a 

An at tempt  was made t o  so lve  the ac tua l  phys ica l  problem as r i g o r o u s l y  
and as genera l l y  as was feas ib le .  Thus, t r a n s i e n t  pressure v a r i a t i o n s  du r ing  
a desorp t ion  c y c l e  a r e  no t  a r b i t r a r i l y  s e t ,  b u t  a r e  c a l c u l a t e d  from the 
AiResearch t e s t  data f o r  t h e  f l ow  o f  n i t r o g e n  gas under low pressures through 
a 5/8- in . - ID molecular  s ieve  bed. These data a r e  shown i n  t h i s  sec t ion .  To 
make the program f l e x i b l e ,  most o f  the phys ica l  p r o p e r t i e s  and t r a n s f e r  r a t e  
constants  a r e  a l lowed t o  vary as a funct ic ln  o f  the bed loca t i on .  Such a f l e x -  
i b i l i t y  a l lows f o r  the use o f  d i f f e r e n t  heat exchanger con f igu ra t i ons  and d i f -  
f e r e n t  modes o f  ope ra t i on  f o r  the molecu la r  s ieve bed and the s i l i c a  ge l  bed. 

The mass- t ransfer  equat ions a r e  w r i t t e n  t o  pe rm i t  bo th  i n t r a p a r t i c l e  
d i f f u s i o n  and sur face res is tqnce.  E i t h e r  process can be made t o  c o n t r o l  by 
proper  choice o f  the approp r ia te  c o e f f i c i e n t s  i n  the input .  A major  goal 
f o r  the  computer program was the de terminat ion  from the data of the proper  
values of the mass t r a n s f e r  c o e f f i c i e n t s  f o r  adso rp t i on  and desorpt ion,  f o r  
water and GO2, i n  bo th  s i l i c a  gel and no1ect;lar s ieve  5 A .  When a l l  expe r i -  
mental data can be f i t  w i t h  reasonable accuracy, ope ra t i on  o f  proposed designs 
can be s imulated w i t h  an equal degree o f  confidence. 

To minimize the running t ime o f  the program, an i m p l i c i t  scheme as proposed 
by Hwang (Reference 7-1)  was employed f o r  t r a n s i e n t  mass t r a n s f e r  ca l cu la t i on ,  
and a method somewhat s i m i l a r  t o  the one proposed by DuFort and Frankel 
(Reference 7 -2 )  f o r  s o l v i n g  a d i f f u s i o n  equat ion was used t o  handle the coup l ing  
terms o f  the  energy equat ions f o r  the t r a n s i e n t  temperature changes of the metal  
par ts ,  the sorbent, and the coolant .  The program, there fore ,  permi ts  the use o f  
as l a r g e  t ime increments as a r e  a l l owab le  f o r  accuracy considerat ions.  

Program S9960 does adso rp t i on  and deso rp t i on  c a l c u l a t i o n s  f o r  a s p e c i f i e d  
number o f  complete cyc les.  Programs S9950 and S9951 per form adsorp t i on  and 
desorp t ion  c a l c u l a t i o n s  r e s p e c t i v e l y  f o r  j u s t  one -ha l f - cyc le .  With a l l  phys i -  
c a l  p r o p e r t i e s  and opera t i on  parameters i npu t ted  through two b lock  data sub- 
programs, t h e  programs w i l l  compute and p r i n t  ou t  temperature and bed load ing  
changes as a f u n c t i o n  o f  time. Average bed loadings and average ra tes  of 
adsorp t i on  and desorp t ion  a r e  a l s o  p r i n t e d .  

The d i f f e r e n t i a l  equat ions which descr ibe the  adso rp t i on  problem, and a 
b r i e f  d e s c r i p t i o n  o f  how the equat ions a r e  so lved by the program, w i l l  be g iven 
l a t e r .  Determinat ion o f  the var ious  t r a n s f e r  c o e f f i c i e n t s  t o  be used i n  f i n a l  
bed design w i l l  be descr ibed a lso .  Example i npu t  and ou tpu t  and a complete 
1 i s t i n g  o f  the F o r t r a n  source program w i l  1 follow. 
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MATHEMATICAL MODEL 

General Assumptions Made 

de r i v i ng 

e 

Q 

8 

e 

@ 

Q 

The 
describe 

In addition to some minor approximations which will be mentioned with 
the derivation of equations, the following general assumptions were made in 

the differential equations which were employed in the present programs. 

Assumption A--Temperature gradient in the  pel l e t  interior i s  
negl igible. 

Assumption B--Adsorption occurs by the diffusion of an adsorbate 
through the stagnant surface film at the exterior surface of an 
adsorbent particle, condensing at the surface and then diffusion 
into the interior of the particle. Desorption occurs in a reverse 
fashion. This assumption should be ccmpletely valid for the adsorp- 
tion of C02 on a molecular sieve bed, as the size of the CO, molecules 
and that of the micropores of the adsorbent are roughly the same-- 
<4A for the former and 5A for the latter. 

0 0 

Assumption C--Adsorbent pel lets can be represented by spherical 
particles for mass transfer calculations. 

Assumption D--Weats,of adsorption and desorption do not depend on 
temperature or concentrat ion. 

Assumptioni--In the adsorption half-cycle, the total flow rate 
and density of the gas stream are constant. 

Assumption F--No variations exist in the direction perpendicular 
t o  the direction of the gas flow. 

test of all the above assumptions is whether the program can indeed 
the test data without the need for indiscriminant variations in the 

coefficients. 

Differential Equations Describinq Transient Behavior of an Adsorption Bed System 

In the following, only those equations which are not obvious will be given 
their derivations. The equations which are assumed to be obvious or easily 
'derived by the reader are 1 isted with appropriate boundary conditions without 
proof. Initial conditions of the equations are omitted., a s  their existence 
should be apparent. 
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1 .  D i f f u s i o n  Equation f o r  I n t e r i o r  of Sorbent P e l l e t  i n  F i n i t e  D i f f e rence  
Fo r m  - 
D i v i d i n g  the p e l l e t  i n t o  elements w i t h  equal volume except the center  

and the sur face  nodes, which a r e  h a l f  nodes, a m a t e r i a l  balance s i m i l a r  t o  
Equat ion (4- 16) gives 

( A V )  ps % = (1. ri+) p s  r -r Dk (.M- ImwH) 
M M- I d t  

A t  the ou ts ide  sur face o f  the  p e l l e t ,  Equat ion ( 4 - 1 5 )  becomes f o r  t h e  t r a n s i e n t  
s i t u a t  i on  

(AV) p 5 -  dWk =(4n rl+) 'sDk 

2 d t  r s  -'s-1 

where the mass- t ransfer  c o n d i t i o n  of Equat ion ( 4 - 1 2 )  has been used. 

A t  the center, Equat ion ( 4 - 2 4 )  i s  mod i f i ed  t o  a l l o w  sur face m i g r a t i o n  i n  p lace  
o f  p o r e - d i f f u s i o n :  

2. 

"k = - (4n r2,+) 's Dk ( W l  - W d  
r2-0 

M P, - 
2 d t  

Energy Equat ion f o r  Gas Stream 

(7-2a 1 

As the - the rma l  capaci tance o f  t he  gas i n  t h e  v o i d  space of the  bed is 
n e g l i g i b l e  compared w i t h  those o f  t h e  sorbent bed o r  the  heat exchanger core, 
a quasi -s teady-state assumption can be made and the re  i s  obtained, as energy 
equat ion f o r  the gas stream, 

4tSymbols a r e  l i s t e d  and s y s t e m a t i c a l l y  de f i ned  i n  the  Nomenclature a t  the end 
o f  t h i s  sec t ion .  
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I ’  (7-3) 

.C .u = (G .C ) /A  
f*pg P9 9 t PS For the adsorption half cycle, 

Equation (7-3) is subject to a boundary condition 

for the adsorption half cycle, while for the desorption half cycle, the condition 
to be satisfied is 

T = T  a t x = O  
! 3 s  

(7-5) 

3. Enerqy Equation for Sorbent .. . 

a . h  %) (T .. Ts) + (ps k 

at ps ’sb ps”sb ’ ps”sb 

3T 
S 

T h i s  equation i s  subject to the conditions 

37- 
2 = 0 at x = o ,  x = x  
d X  0’ 

SG min x = x  and x = x 
MS max 

4. Enerqy Equation for Glycol Stream 

The boundary condition for this equation is 

a t x = x  Tc = T268 glycol inlet 

AlHESEARCH MANUFACTURING DIVISION 
La$ Angeles California 
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5 .  Energy Equation for Metal Portion of Heat Exchanger 

.r. 

6oundar.y conditions for this equation are 

aTx at x = 0 and %rx=  (7- I I )  

I 
a t x = x  

0 

6. Adsorption Material Balance Equation for k-th _Component in Gas Stream 

By assuming that quasi-steady-state conditions exist for the gas phase 
material balance, there is obtained from Equations ( 4 - 1 )  and ( 4 - 1 2 )  with the 
conditions of steady-state and no axial diffusion: 

dPk Mwq asg . K . (Pks - Pk) - dx = (fPgUS) , g  
( 7 - 1 2 ) ,  

This has an inlet condition 

at x = x  k, inlet 0 
Pk = P 

7. Pressure Equation for Desorption 

(7- 13) 

During the desorption cycle, both the bed pressure and gas flow <ate 
vary with time and the axial location in the bed, and a method of calculating 
instantaneous pressures at various bed locations is desired. Although a 
quasi-steady-state assumption could be made regarding pressure calculations, 
the simplified problem so obtained would still be a boundary value problem 
which requires an iterative method of solution. An alternative approach 
would be to solve a transient equation describing pressure changes. The 
latter approach was taken in the present program, and the derivation of the 
pressure-equat ion employed in the program w i  1 1  be given below. 

A material balance for a unit vdlurne of  bed gives 

A f ( g )  = -5 ' ( f C A u ) + A M s g  9 

AJRESEAHCH MANUFACTURING DIVISION 
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where 

- P a x k )  

and u i s  r e l a t e d  t o  pressure grad ien t  by Equat ion (4-6); 
g 

u = - # $ )  I 
9 

(7- 15) 

i 

P 
RT 

c = -  
9 

Also, by d i f f e r e n t i a t i n g  the  p e r f e c t  gas law 

/ 

(7- 17) 

one ob ta ins  ' 

By combin 

P 
term 1-2 

9 
RT 

(7-  18) 

ng w i t h  equat ions (7-16), (?-I71 and (7-181, and dropping the  

( 2 ) Equation' (7 -  1.4) can be conver ted t o  Equat ion (4-9) i n  a 

g ua s i - i sot he rma 1 con d i t i on : 

(7- 19) 

Equation (7-19) i s  used i n  t h e  program f o r  c a l c u l a t i n g  pressure changes 
d u r i n g  t h e  desorp t ion  h a l f  cyc le .  

The p r o p o r t i o n a l i t y  constant  F i n  Equation (7-16) i s  a s t rong f u n c t i o n  
of pressure, as the  gas f l o w  d u r i n g  desorp t ion  l i e s  i n  t h e  s l i p  f l o w  region. 
The pressure drop data f o r  t h e  f l o w  of n i t r o g e n  gas through a 5/8- in.- ID 
molecular  s ieve  bed were reduced by us ing  the  equat ion 

- 
M - ' 2 G )  (7-20) 

t o  o b t a i n  F a t  var ious  mean pressures.  The r e s u l t  i s  p l o t t e d  i n  F igure  

7-2, and a bes t  s t r a i g h t  l i n e  f i t  o f  the  data g ives 

N 2  

F = 2.494 x IOo4 x p O . 7 9 5  
N 2  

AIHCSEARCH MANUFACTURING DIVISION 
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Figure 7-2. Correlation o f  FN 2 v s  (-) P From Test Data 
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(7-22) 

L.. 

Equat ion (7-21) i s  app l i cab le  o n l y  f o r  n i t r o g e n  gas a t  7OoF,  whlch has a 
v i s c o s i t y  o f  0.0174 cp. 
f o r  the d i f f e r e n c e  i n  v i s c o s i t y  as p r e d i c t e d  by the Blake-Kozeny equation. 
Thus 

I n  the  desorp t ion  program, F i s  l i n e a r l y  co r rec ted  

I t  would seem reasonable t o  use a mola l  average v i s c o s i t y  t o r  the  gas 
mix tu res  i n  the  S i l i ca -Ge l  bed sec t ion ;  however, i t  was found t h a t  t he  
use o f  the C02 v i s c o s i t y  f o r  t h a t  o f  H 2 0  vapor r e s u l t e d  i n  a b e t t e r  pressure 
p red i  c t  ions . 

Equation (7 -19 )  i s  sub jec t  t o  a boundary c o n d i t i o n  

- -  aP - 0  a t x = O  ax (7 -23 )  

A t  the bed e x i t ,  the  pressure can be s p e c i f i e d  as a f u n c t i o n  o f  time, o r  
e l s e  the vacuum duct res i s tance  t o  gas f l o w  w i l l  p l ay  a r o l e  i n  f i x i n g  the  
pressure and f l o w  ra te .  The boundary c o n d i t i o n  w i l l  then be 

f ' p  ' U  ' A  = WD(P) 
9 9  

(7 -24 )  

Where W (P). can bc approximated by the  f o l l o w i n g  express ion which corresponds 

t o  the s t r a i g h t  l i n e  shown i n  F igure 7-3 f o r  a S i n .  duct .  
D 

1 . 7  I 5  
w (P)  = 11 .2  P D 

Combinat i o n  o f  Equations (7- f6) ,  (7-241, and (7-25) g ives  

(7-2 5 )  

(7-26) 
I 

8. Equi l  ib r ium Re la t i onsh ip  

For COP molecu la r  s ieve  systems, adso rp t i on  isotherms resu l t s ,  repor ted  
i n  Sect ion 5, were reduced t o  the express ion 

-. exp [- 9'66g56 + 1.678 log ( W  ) + 23.8231 pcO, Ts + 460 e Cop ( 7 - 2 7 )  

+"This r e l a t i o n  should be r e l i e d  upon o n l y  w i t h i n  the temperature range o f  
20' t o  5OoC. 
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For the H,O s i l  i ca  ge l  system, the e q u i l  ib r ium vapor pressure data 
pub1 ished’ by W. R. Grace & Co. (Reference 7-3) were used t o  g i ve  

1.075 x IO4 (0.852-0.3215 I n  W) 
T f- 460 p = exp [ 21.03 - 

S H20 

(7-28) 21 +0.394 I n  W -0.0592 ( I n  W) 

Equations (7-27) and (7-23) a r e  used i n  the  program, and a re  compared w i t h  
t e s t  data i n  F igures 7-4 and 7-5. 

P ROG RAM DE SC R I PT I ON 

The main s t r u c t u r e  o f  Program S9960, which performs cyc l  i c s l  adsorp t ion-  
desorp t ion  ca l cu la t i ons ,  i s  dep ic ted  i n  F igure  7-6. The func t i ons  o f  each 
subrout ine  w i l l  be exp la ined t o  he lp  the user understand the program b e t t e r .  

MAIN PROGRAM (S9960) 

. Th is  i s  a main program which coord inates a l l  the subrout ines requ i red  f o r  
p r e d i c t i n g  the performance o f  a composite molecular  s ieve -s i1  i ca  gel  bed. The 
program i s  executed by the  c o n t r o l  ca rd  

-. 
71’8 XQT S9960 

A l l  the i npu t  data must be inputed v i a  two Block Data subprograms 59973 and 
s9993. 

MADSOR (S9970) 

This  subrout ine  mon i to rs  the adso rp t i on  h a l f  c y c l e  c a l c u l a t i o n s .  I t  
p r i n t s  the t o t a l  q u a n t i t i e s  o f  molecular  s ieve and s i l i c a  ge l  p e l l e t s  i n  the 
composite bed f o r  inpu t  data check-out purposes. The rout ine,  then, c a l l s  
STARTA. The t ime increment s i z e  f o r  the next  t ime step i s  se lec ted  such t h a t  
T I  and W I  s’pecified i n  the i npu t  data a r e  s a t i s f i e d .  Subrout ine ADSORB i s  
then c a l l e d  t o  advance one t ime step‘, and the r e s u l t s  a r e  p r i n t e d  i f  t h i s  
should be done accord ing  t o  MPRZNT. 

STARTA ( S9978 ) 

Every th ing  which s tays constant  throughout the  e n f i  r e  adso rp t i on  h a l f  
c y c l e  i s  eva luated i n  t h i s  subrout ine.  A, RS, C R I ,  CR2, CR3 a r e  evaluated i n  
the subrout ine.  

ADSORB ( S997 I ) 

This  subrout ine  s imul taneously  i n teg ra tes  Equations (7-1) (7-6), and 
a $T 

(7-12) by a backward d i f f e r e n c e  method, except t h a t  the  term i s  eva luated 
a x 2  
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CALL START 

IME TO PRINT 

; 
F TIME > CYCLE 

IF NCYCLE > NCYCLT 

+e EXIT 

59973 

BLOCK DATA 

s9993 

Figure 7-6. Structure  of Program S9960 
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a t  the  beginning o f  a t i m e  increment, such t h a t  no i t e r a t i o n s  w i l l  be requi red.  
The use o f  a compl icated scheme l i k e  t h i s  i s  t o  avo id  numerical  i n s t a b i l i t y  a t  
l a rge  t ime increment s izes.  

A f t e r  Pk1s and W ' s  a t  the end o f  the  ( A t ) -  have been found, TSORBA, K 
TGLCOL, HXCORE, GASTA a r e  ca l  l e d  t o  c a l c u l a t e  the var ious  temperatures, 

I n  s o l v i n g  a one-dimensional d i f f u s i o n  equation, f i n i t e  d i f f e r e n c e  
equat ions of t h e  form 

2,N*TN -+ '3,MaTN+ 
+ c  I ,  N *  T ~ -  I 

a r e  w r  i t ten. 

The c o e f f i c i e n t s  CI, C2, C a r e  s e t  3 a r e  s a t i s f i e d .  

The sys t e m  o f  equa t i ons rep resented 

= D f o r  'N  = I t o  NDXI (7-29) N 

such t h a t  a 1 1 boundary cond i t ions 

by Equat ion (7-29)  be 1 ongs t o  a spec i a  1 
c lass  o f  equat ions where a t r i - d i a g o n a l  m a t r i x  i s  involved. 
m a t r i x  i s  no t  required, and the method proposed by (Reference 7 - 4 )  i s  employed 
i n  s o l v i n g  the s e t  o f  equat ions.  Both subrout ines FDEQIM and FDEQID do the 
same j o b  o f  s o l v i n g  the  system o f  equations, t h e  o n l y  d i f f e r e n c e  be ing  t h a t  
the  l a t t e r  uses a double-prec is  ion a r i  thmet ic. 

I n v e r s i o n  o f  the 

-. 
The coup1 ing  o f  temperatures appear ing i n  the  source terms o f  Equations 

(7-6) ,  (7-8),  and (7-10) a r e  handled by a method s i i n i l a r  t o  the one suggested 
by DuFort and Frankel (Reterence 7-2) f o r  a s i n g l e  d i f f u s i o n  equat ion.  For 
example, the source t e r m  i n  Equat ion (7-8) i s  approximated by 

(7-30)  

TSORBA ( S9977 1 
This  r o u t i n e  i n teg ra tes  the energy equat ion f o r  the  sorbent du r ing  the  

adsorp t ion  h a l f  cyc le .  I n  o t h e r  words, Equat ion (7-6) i s  in tegra ted .  

TGLCOL ( 59987 1 
Equat ion (7-8)  i s  solved. 

HXCORE (5999 I ) 

Equat ion (7-10)  is solved. 

GASTA (S9976) 

The r o u t i n e  solves Equat ion (7-3)  f o r  the adso rp t i on  h a l f  cyc le .  
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PRADSB (S9979)  

T h i s  i s  a p r i n t  r o u t i n e  f o r  

MDESOR (S9980)  

The r o u t i n e  c o n t r o l s  desprot  
adso rp t i on  counterpar t .  I t  c a l l s  
and s to res  temperatures. 

he adso rp t i on  program. 

on c a l c u l a t i o n s  much as MADSOR does the 
START, p i c k s  up a A t ,  c a l l s  DESORB, PRDESB, 

START { S3988 ) 

S i m i l a r  t o  STARTA f o r  the adsorpt ion,  t h i s  subrout ine  generates a l l  the 
constants which s tay  unchanged f o r  the  e n t i r e  desorp t ion  h a l f  cyc le .  

PRDESB (S9989)  

Th is  i s  a p r i n t  r o u t i n e  f o r  the  desorp t ion  program. 

DESORB (S9983)  

' Equations ( 7 - l ) ,  ( 7 - 6 ) ,  and ( 7 - 1 9 )  a r e  so lved s imul taneously .  Because o f  
extremely l a r g e  c o e f f i c i e n t s  involved, Equat ion ( 7 - 1 9 )  i s  so lved by a double 
p r e c i s i o n  a r i t h m e t i c  t o  avo id  accumulat ion o f  e r r o r s .  The gas f l o w  rate,  
densi ty,  and composi t ion a r e  t h e n  found a t  each a x i a l  l oca t i on .  TSORB, TGLCOL, 
HXCORE, GAST a r e  c a l l e d  t o  so lve  f o r  temperatures. 

TSORB (S9997)  - 
The r o u t i n e  solves f o r  sorbent temperatures i n  the  desorp t ion  per iod .  

GAST (59986)  

Gas temperatures i n  the  desorp t ion  p e r i o d  a r e  c a l c u l a t e d  by the subrout ine.  

PKEQ (S9992)  

Equations ( 7 - 2 7 )  and (7-28) a r e  used t o  o b t a i n  the  e q u i l i b r i u m  P 

t he  molecular  s ieve  bed, and t h e  e q u i l i b r i u m  P over  the  s i 1  i ca  ge l  bed, 

over  co 2 

respect i ve l  y. H 20 

IFN (5998 1 )  

The f u n c t i o n  determines whether a g iven a x i a l  node belongs i n  the 
molecular  s ieve bed o r  si1 i ca-gel  bed. 

FDEQIM (S9984)  

The r o u t i n e  so lves a system o f  f i n i t e  d i f f e r e n c e  equat ions by the method 
o f  Thomas (Reference 7 - 4 ) .  
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FDEQID (S9985). 

The subrout ine  i s  a double p r e c i s i o n  ve rs ion  of FDEQIM. 

LAGIN2 (S99961 h 

T h i s  r o u t i n e  performs a Lagrangian polynomial  i n t e r p o l a t i o n .  

MAIN PROGRAM (S9950) 

This  main program j u s t  c a l  Is MADSOR t o  per form one adso rp t i on  
ca l cu la t i on .  I t  i s  executed by 

ha 1 f- cyc l  e 

7/8 XQT S9950 

MAIN PROGRAM (S9951) 

This  main program c a l l s  MDESOR t o  c a r r y  ou t  one desorp t ion  h a l f - c y c l e  
c a l c u l a t i o n .  I t  i s  executed by 

7/8 XQT S9951 

VARIOUS OPTIONS OF U S I N G  THE PROGRAM PACKAGE 

The var ious  op t ions  a l lo i?ed by the present  program package a r e  tabu la ted  
below. 

How Executed 

7/8 XQT S9950 

7/8 XQT S9951 

7/8 XQT 59960 

NTEMP = 0 

NBCOUT = I 

NBCOUT = 2 

NPSET = I, J, K 

C h a r a c t e r i s t i c s  o f  Opt ion 

One ha1 f - c y c l  e adsorpt ion.  

One ha 1 f - c y c l  e desorpt ion.  

NCYLT f u l l  cyc les  o f  adso rp t i on  
and desorpt ion.  

No temperature ca 1 cu 1 a t  ions, 
w i t h  a1 1 temperatures s e t  equal 

t o  TZb8. 
No heat t r a n s f e r  area 

o r  thermal p roper t y  data a r e  
requ i red  f o r  t h i s  op t ion .  

Bed e x i t  pressure c a l c u l a t e d  from 
vacuum duc t  capac i t y  and t o t a l  
deso rp t i on  ra te .  

Bed e x i t  pressure s p e c i f i e d  i n  
the i n p u t  data. 

Speci fy  modes o f  a p p l i e d  vacuum. 
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PROGRAM INPUT 

Data i npu t  requ i red  by the program i s  executed by b iock  data subprograms, 
S9973 and S9993. Subprogram S9973 i npu ts  a1 1 data requ i red  t o  execute the 
adsorp t ion  ana lys i s ;  subprogram S9993 inputs  a l l  data requ i red  t o  execute the 
desorp t ion  ana lys is .  Both. b l o c k  data subprograms must be compiled a t  execut ion  
t ime i f  c y c l i c  system performance i s  desired. I f  o n l y  adso rp t i on  o r  desorp t ion  
performance i s  required, then o n l y  the respec t ive  b l o c k  data subprogram need 
be compi led 'a t  execut ion  time. 
i npu t ted  v i a  the  b l o c k  data subprograms. 

. The f o l l o w i n g  l i s t s  the va r iab les  which a re  

Var iab les Common t o  Both 59973 and S9993 

F o r t  ran Max i mum 
Symbol Dimens ion D e f i n i t i o n  

RHOS (2) Sorbent p a r t i c l e  densi ty ,  l b / ( c u  f t )  
RHOS( I )  = M.S. p a r t i c l e  dens i t y  
RHOS(2)  = S.G. p a r t i c l e  dens i t y  

. .  
- WM ( 2 )  Adsorbate mol ecula r we i ght 

WM(1) = 44 (CO2) 
WM(2) = 18 (H20) 
.. 

RHOSB (41) Sorbent b u l k  densi ty ,  l b / ( c u  f t )  

W (21,4 1 )  I n i t i a l  sorbent loading, l b i l b  (double p r e c i s i o n )  

TG . (41) I n i t i a l  gas temperature, OF 

TS ( 4 1 )  I n i t i a l  sorbent temperature, OF 

TC ( 4 1 )  I n i t i a l  coo lan t  temperature, OF 

TX (41)  I n i t i a l  heat exchanger temperature, O F  

NPRINT 

DTMAX 

I n t e g e r  c o n t r o l  v a r i a b l e  which determines t h e  
frequency o f  p r i n t o u t  occurrence; e.g., i f  
NPRINT = 2, p r i n t o u t  occurs a f t e r  every TWO 
t ime steps, i f  NPRINT = 5, p r i n t o u t  occurs a f t e r  
every f i v e  t ime steps, e tc .  

Maximum a l l owab le  t ime s tep  size, u s u a l l y  0.01 
hr f o r  isothermal a n a l y s i s  and 0.005 h r  for  
nonisothermal ana lys is .  
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Fo r t ra n 
Sym bo 1 

NTEMP 

ABED 

AVX 

TKX 

CP x 

RHOX 

HXC 

HX S 

ASX 

AG X 

CPG 

N DXM 

NDX I 

NDR4 

DX 

uc 

CPC 

Max imum 
Dimens ion  

AIRESEARCH MANUFACTURING DIVISION 
Los Aft8ctci. Calilarnna 

D e f i n i t i o n  

I n t e g e r  c o n t r o l  va r iab le ;  i f  NTEMP = 0, 
isothermal.  ana lys i s ;  t h e  energy equat ions 
a r e  ignored, and the bed temperature i s  
s e t  equal t o  T268. I f  NTEMP # 0, non- 
i so the rma 1 a na 1 y s i s.  

Sorbent bed c ross-sec t ion  area normal t o  
flow of process gas, sq f t  

Pr imary heat exchanger p l a t e  area pe r  

metal, sq f t / ( c u  f t )  

Heat exchanger metal  thermal conduc t i v i t y ,  
TKX ( K )  denotes ' t h a t  between node K- I 
and node K 

' u n i t  volume of heat exchanger core 

Heat exchanger s p e c i f i c  heat, Btu/('F) 
( W  
Heat exchanger metal  densi ty,  I b / ( cu  f t )  

Heat t r a n s f e r  doef f i c i en t, heat exchanger 
t o  coolant,  Btu/(sq f t )  ( h r )  ( O F )  

Heat t r a n s f e r  c o e f f i c i e n t ,  heat exchanger 
t o  sorbent, Btu/ (sq f t )  ( h r )  ( O F )  

Heat exchanger pr imary area per  u n i t  
volume o f  sorbent bed, sq f t / ( c u  f t )  

I d e n t i c a l  t o  ASX 

S p e c i f i c  heat o f  the process gas, 
Btu/(  1 b) (OF) 

I n t e g e r  denot ing  t o t a l  number o f  M.S. nodes 

I n t e g e r  denot ing t o t a l  number o f  a x i a l  nodes 

I n t e g e r  denot ing  t o t a l  number o f  r a d i a l  
I sorbent pe l  l e t  nodes ( i n t e r i o r  nodes) 

Ax ia l  node dimension, f t  

Coolant v e l o c i t y ,  f t / h r  

Coolant s p e c i f i c  heat, B t u / ( l b )  (OF) 

67- I75 I 
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F o r t r a n  
Symbol 

RHOC 

T268 

DH 

CYCLE 

DIF 

GK 

SK 

- ASG 

NOG 

HXG 

HSG . 

NDXMAC 

T I  

W I  

NCYCLT 

' CPS 

AVC 

D e f i n i t i o n  

Coolant densi ty ,  l b / ( cu  f t )  

Coolant i n l e t  temperature, O F  

D i f f e r e n t i a l  heat of adsorpt ion,  Btu/(  l b  
adsorbed) 

Cycle t ime per  one adso rp t i on  o r  one desorp- 
t i  on ha 1 f - cyc l  e, hr 

I n t e r n a l  d i f f u s i v i t y ,  sq f t / h r  

External  sur face mass t r a n s f e r  c o e f f i c i e n t ,  
lb-mole/(hr) (sq  f t )  (mm Hg) 

E f f e c t i v e  sorbent thermal conduc t i v i t y ,  
B tu / (h r )  (sq  f t )  ( 'F / f t )  

Sorbent s p e c i f i c  sur face area, sq f t / ( c u  f t  
o f  bed) 

Node t o  which coo lan t  i s  added 

Heat t r a n s f e r  c o e f f i c i e n t ,  heat exchanger t o  
process gas, Btu/ (sq f t )  (OF) ( h r )  

Heat t r a n s f e r  c o e f f i c i e n t ,  sorbent t o  gas, 
B tu / (h r )  ( sq  f t )  (OF) 

I n t e g e r  denot ing number o f  a c t i v e  M.S. nodes, 
i.e., (NDXM - NDXMAC) represents the  number 
o f  M.S. nodes which have been i n a c t i v a t e d  by 
water-po i  son i ng 

Maximum temperature change a1 lowable p e r  
t ime increment i n  s e l e c t i n g  A t ,  OF 

Maximum load ing  change a l l owab le  per  t ime 
increment i n  s e l e c t i n g  A t ,  l b / l b  

T o t a l  number o f  complete adsorpt  ion-desorp- 
t i o n  c y c l e  c a l c u l a t i o n s  des i red  

Sorbent s p e c i f i c  heat, B tu / ( l b )  (OF) 

Pr imary heat exchanger p l a t e  at-ea p e r  u n i t  
volume o f  coo lan t  h e l d  up i n  HX, sq f t / ( c u  f t )  

NOTE: Var iab les  W, 76, TS, TC, TX, NPRINT, DTMAX, NTEMP, CYCLE, NCYCLT, M I y  
TI, NDXMAC need to  appear o n l y  once e i t h e r  i n  S9973 o r  S9993. 
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I n p u t  Var iab les Required by S9973 Only 

FT 

z: 

F o r t r a n  Symbol D e f i n i t i o n  - * 

GMR 

GMW 

PA 

PCO2C 

Process gas ' f l o w  rate,  l b / h r  ' 

Process gas molecular  weight  

System t o t a l  pressure, mm Hg 

I n i t i a l  co2 p a r t i a l  pressure i n  cabin, mm Hg 

PH20 I I n l e t  H20 p a r t i a l  pressure, mm Hg 

TG I I n l e t  process gas temperature, O F  

VOLCAB Cabin v.olume f o r  atmosphere, GU f t ;  use 
VOLCAB = f o r  constant  P C O ~ C  

RC02C 

NDTWN 

Rate o f  C O S  genera t ion  i n  cabin, l b  C02 per  h r  

If = I ,  i n t e r n a l  A t  c a l c u l a t i o n s  , If = 2, 
f i x e d  A t  ca l cu la t i ons .  

I npu t  Var iab les Required by S9993 Only 

Fo r t ran  Symbol D e f i n i t i o n  

NBCOUT 

POUT ( IO), TIMET ( IO) 

NPSET ( 3 ) .  

I n t e g e r  c o n t r o l  var iab le ,  i f  NBCOUT = 2, 
the o u t l e t  man i fo ld  pressure i s  s p e c i f i e d  
as a f u n c t i o n  o f  t ime; NBCOUT = I ,  the 
m a n i f o l d  pressure i s  computed from vacuum 
duct  res is tance.  

10 p a i r s  o f  e x i t  pressure vs t ime data t o  
be used i f  NBCOUT = 2; POUT = vacuum end 
man i fo ld  pressures (mm Hg), TIMET = t i m e s  ( h r ) .  

Denotes nodes t o  which vacuum appl  ied. 
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1. f i fo lecular Sieve. CO, Adsorp t ion  GK and OIF ..  

As discussed i n  Sec t ion  5, i t  was ev iden t  t h a t  the  c o n t r o l l i n g  f a c t o r  
i n  con adsorp t i on  by molecu la r  s ieves was the  lumped va lue o f  gas stream 
t o  p a r t i c l e  boundary mass t r a n s f e r  (plus,  poss ib ly ,  the  r e a c t l o n  a t  the sur face  
of the  m a t e r i a l ) .  D i f f u s i o n  through the  pore, o r  i n t e r n a l  resistance, was not 
c o n t r o l l i n g .  Thus, a r e l a t i v e l y  l a r g e  va lue o f  DIF was selected, 4 by 
( s q  f t ) / h r .  

I n i t i a l l y  the  v a r i a t l o n  o f  GK du r ing  adso rp t i on  was thought t o  be a 
r e s u l t  o f  the d i f f e r e n t  res idua l  water  l oad ing  genera l l y  mainta ined i n  the  two 
t e s t  programs. I n  the  bas i c  l abo ra to ry  s tud ies  the  bed was c a r e f u l l y  baked a t  
h i g h  temperature (60OOF) f o r  a number o f  hours t o  assure abso lu te  dryness. 
I n  the  p ro to type  program lower temperatures were used (400°F), r e f l e c t i n g  
a c t u a l  bakeout procedures contemplated i n  the  f i n a l  design. These lower temp- 
e ra tu res  r e s u l t  i n  an est imated I percent  res idua l  water  load ing  i n  the  mole- 
c u l a r  sieve, and i t  was theo r i zed  t h a t  the  presence o f  t h i s  water  cou ld  have 
an e f f e c t  on the mass t r a n s f e r  c o e f f i c i e n t .  L a t e r  s tudy o f  t h i s  phenomenon 
has a l t e r e d  t h i s  view, somewhat, and i t  i s  f e l t  t h a t  ac tua l  bed c o n f i g u r a t i o n  
may be the  c o n t r o l l i n g  f a c t o r .  O f  p a r t i c u l a r  s i g n i f i c a n c e  i s  t h e  probable 
channel ing occu r r i ng  i n  shal low beds w i t h  small, s t r a i g h t  f i n  s t r u c t u r e  pro-  
v i d i n g  many s h o r t  bypass paths a long the  sur face  o f  each f i n  element. Best 
values o f  GK were found ranging from a h i g h  o f  5 by I O W 4  f o r  shal low f i nned  
beds. F igures 7-7 and 7-8 compare G O 2  breakthrough curves ob ta ined from the  
deep bas ic  s tud ies  beds w i t h  p r e d i c t i o n  us ing  a GK o f  5 by I O m 4 .  Comparison 
o f  GK s e l e c t i o n  w i t h  t e s t  r e s u l t s  from the 3-in.-deep f r e s h  p ro to type  bed i s  
shown i n  F igure  7-9. I t  was found t h a t  m i x i n g  caused by the use o f  a small 
number o f  axial increments i s  s i g n i f i c a n t  and, therefore,  s t r i c t l y  speaking, 
p rec i se  values f o r  constants  must depend upon a x i a l  increment s izes  chosen 
in c a l c u l a t i o n s .  
i n  F igure 7-9. 

Best values o f  GK were found f o r  var ious  ( A X ) ' S  and p l o t t e d  
P l o t  o f  t h i s  v a r i a t i o n  o f  GK w i t h  ( A X )  i s  shown i n  F igure  7-10. 

Later, as shown i n  Sect ion 6, the adsorbed water  was found t o  r a i s e  the  
e f f e c t i v e  mass- t ransfer  c o e f f i c i e n t  as the loadings became high. The exact  
value, then, i s  seen t o  be r a t h e r  d i f f i c u l t  t o  es tab l  i s h  under h i g h l y  v a r i a n t  
bed cond i t ions .  

Determinat ion o f  Constants GK and DIF 

Breakthrough curves obta ined i n  the  l abo ra to ry  t e s t  programs descr ibed 
i n  Sect ion 5 and Sect ion 6 were reviewed and used t o  determine, through a 
matching procedure, these constants.  Two types o f  beds were tested.  I n  the 
bas i c  l abo ra to ry  s tud ies  a small, h igh -aspec t - ra t i o  bed was used, w i t h  o f f s e t  
f i n  s t ruc tu re .  I n  the p ro to type  program the  bed cond igura t ion  was nearer  t o  
the  f i n a l  bed design; r e l a t i v e l y  shadow o r  low-aspec t - ra t io  beds w i t h  cont inuous 
f i n s .  A s tudy o f  the breakthrough curves and deso rp t i on  pressure vs t ime 
p r o f i l e s  from these two t e s t  programs ind i ca ted  t h a t  bes t  match o f  computer 
p r e d i c t i o n  w i t h  t e s t  r e s u l t s  was ob ta ined w i t h  the f o l l o w i n g  constants.  
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- CO2 ADSORPTION R U N  NO. 2 1.265 L/MIN (STD), 7. 15 MM PCO2 INLET, 2 5 O C  

A PREDICTION WITH GI( 5 x io-&, D I F  4 x 

TIME, MIN 

) A 3 

A-275W 

F i g u r e  7-7. C o m p u t e r  C o m p a r i s o n  of  5/8-in. Bed C O P  P e r f o r m a n c e  
a t  H i g h  Gas Flow 
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TEST 7AIO-4 

COMPUTED : 

w 8 NODES DX 0.032 FT GK 0.49 x 

16 NODES DX 0.016 FT GK 0.45 X 

32 NODES DX 0.003 FT GK 0.42 x 

A-27597 TIME, MIN 

Figure  7-9. E f f e c t  o f  Computer Nodal Size on Pred ic ted  
COz Performande 
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Molecular  

Molecular  

S i l i c a  ge 

S i l i c a  ge 

From 

GK lb -mol / (h r ) (sq  f t > ( m m  Hq) DIF sq  f t / h r  
- 

sieve, CQ2 adsorp t i on  0 . 4 ~ 1 0 ' ~  t o  5 ~ 1 0 ' ~  4 x 10-3 

sieve, CQ2 desorp t ion  5 x 4 x 10-3 

, H2Q adsorp t i on  0 . 7 ~ 1 0 ' ~  t o  1.0 x I O m 3  I x 10-5 

, H20 desorp t ion  I x 10-3 I x 10-5 

t h i s  ana lys i s  a range o f  GK's i s  evident, depending upon a t  l e a s t  
two fac to rs :  ( I )  ac tua l  bed c o n f i g u r a t i o n  as i t  a f f e c t s  the adequacy of 
contac t  between the f l o w i n g  gas stream and the  molecular  s ieve  and ( 2 )  water- 
loading. The values p l o t t e d  i n  F igure  7-10 w i l l  be conserva t ive  f o r  a lmost 
a l l  cases, w i t h  values o f  around a t  l e a s t  I O 0  percent  l a r g e r  be ing  poss ib le .  

2. Molecular  Sieve, Desorpt ion GK and DIF 

B e s t  f i t  w i t h  desorp t ion  data i n  bo th  t e s t  con f i gu ra t i ons  was found w i t h  
the  h igher  value o f  GK, 5 x ( Ib-mol)  ( h r )  ( s q  f t )  (mm Hg), which i s  not 
s u r p r i s i n g  s ince  t h e  v a r i a t i o n  found i n  adso rp t i on  due t o  "channel ing"  would 
n o t  be p reva len t  d u r i n g  a vacuum desorp t ion  process. Again a h igh  va lue o f  
DIF was selected, 4 x ( s q  f t j / h r .  F igure 7-1  I compares the desorp t ion  
pressure p r o f i l e s  measured du r ing  the  bas i c  s tud ies  i n  a deep bed w i t h  ca l cu la -  
t i o n s  us ing  the se lec ted  constants.  F igure  7 - ! 2  shows the  same comparison 
w i t h  p ro to type bed. data. 
t i o n  constants  was ob ta ined by comparison o f  p r e d i c t e d  c y c l i c  performance 
o f  the  p ro to type  bed operated a d i a b a t i c a l l y  w i t h  t e s t  resu l t s ,  as shown i n  
F igure  7-13. As can be seen from F igure  7-13, a general t rend  toward conser- 
v a t i o n  w i l l  be obta ined when us ing  these constants.  

Fur ther  c o n f i g u r a t i o n  o f  bo th  adso rp t i on  and desorp- 

3. S i 1  i ca  Ge l ,  Adsorpt ion and Desorpt ion GK and DIF 

Matching of  GK and DIF f o r  the deep bed used i n  the bas i c  s tud ies  work 
r e s u l t e d  i n  the f o l l o w i n g  constants  f o r  bo th  adso rp t i on  and desorpt ion:  

GK I x ( lb -mol )  ( h r )  ( s q  f t )  (mm Hg) 

DIF I x ( s q  f t ) / h r  

F igures 7-14 ,  7-15, and 7-16 compare the c a l c u l a t e d  performance o f  the  
5 /8 - i n . -d ia  s i l i c a  ge l  bed vs t e s t  r e s u l t s .  F igu re  7-17 shows the comparison 
o f  c a l c u l a t e d  observed performance o f  a 3-in.-deep s i l i c a  ge l  bed. 
d e s c r i p t i o n  was g iven i n  Sect ion 6. 

The t e s t  

Matching o f  the  s i l i c a  ge l  t e s t  r e s u l t s  f o r  the  p ro to type  bed i s  
descr ibed i n  Sect ion 6. 
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TIMEt  MINUTES 

A- 24665 -A 

Figure 7-15. Comparison o f  Predicted and Measured Changes in H20 
Loading on a 5/8-in.-dia Silica Gel Bed During Desorption * 
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rr: a 

- = RUN NO. 3 AT 25OC 
5/8-IN.-DIA BED AT A . 4  I/2-IN, DEPTH 

Kg,H20 .= I O m 3  LB-MOLE ( H R ) (  FT2)(MM Hg) 

1c COMPUTER RESULTS"W1TH 

' H ~ O  = 10-5 FT*/HR 

2.0 

1.8 

1.6 

1.4 

I .  2 

1.0 

0.8 

0.6 

0.4 

0.2 

0. c 

TIME, M I N  

A-2 

F igure  7-16. Pressure H i s t o r y  During Desorption of  H 2 0  from a 5/8-in.-dia, 
S i  1 ice-Gel Bed (77'F) 
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-=  TEST DATA 

TOTAL WEIGHT OF SILICA GEL 1.045 L B  7 
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8- 141 8 4  
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F i g u r e  7-17. Water Breakthrough on 3 - i n .  S i l i c a  Gel Bed 
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Various Heat Trans fer  C o e f f i c i e n t s  f o r  the F i n a l  Bed 

I n  es t ima t ing  the  heat t r a n s f e r  c o e f f i c i e n t s  t o  be used i n  the F i n a l  
bed design ca l cu la t i ons ,  the f o l l o w i n g  bed p r o p e r t i e s  a r e  used: 

'x, M.S. = 64  l b /cu  f t  

Psb, M.S. = 34.2 I ~ / cu  f t  

59, M. S. = 540 s q  f t / c u  f t  a 

Apparent molecular  s ieve  p a r t i c l e  diameter i s  

- - 3 4 ' 2  = 0.00642 f t  
M.S. 64 x 500 

d 

f = 0.46 

= 75 lb /cu  f t  
ps, S . G .  

= 37 l b / cu  f t  
psb, S . G .  

a = 700 S q  
sg, S . G .  

Apparent s i 1  i ca  ge 

6 x 3 7  - - - - 
dS.G. 75 x 700 

f i / c u  f t  

p a r t i c l e  diameter i s  

0.00423 f t  

f = 0.5 
I 

1 .  Sorbent-to-Gas Heat Trans fer  C o e f f i c i e n t  

Using a c o r r e l a t i o n  g iven by P f e f f e r  and Happel (Reference 7-5), a t  Pec le t  
number o f  2.5 and v o i d  f r a c t i o n  o f  about 0.5, one ob ta ins  a Nussel t  number o f  
roughly  10. Using t h i s  and the  thermal c o n d u c t i v i t y  of C.01475 Btu / (h r )  
( s q  f t )  ( ' F / f t )  f o r  02, the re  a r e  ob ta ined 

h ~ g ,  M.S. adsorp t i on  = 23 Btu / (h r )  ( s q  f t )  (OF.> 

h -  sg, S.G. adsorp t i on  = 35 Btu / (h r )  ( s q  f t )  (OF) 

Dur ing the  deso rp t i on  per iod,  thermal c o n d u c t i v i t i e s  o f  C02 and t h a t  of 
C02-H20 m i x t u r e  a r e  co r rec ted  f o r  pressure e f f e c t  by the  method g iven by 
Schotte (Reference 7 - 6 ) .  
M.S. bed, and 0.5 mm Hg i n  the S . G .  bed, the gas phase thermal c o n d u c t i v i t i e s  
a r e  found t o  be 0.00194 and 0.00079 Btu / (h r )  ( s q  f t ) ( ' F / f t ) .  
values, p a r t i c l e  sur face f i l m  heat t r a n s f e r  c o e f f i c i e n t s  a r e  found t o  be 

By assuming an average pressure of  I mrri Hg i n  the 

Using these 
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2. 

sg, M.S., desorp t i on  = 3.02 Btu / (h r )  (sq  f t )  (OF) h 

hsg, S.G., desorp t i on  = 1.87 Btu / (h r )  (sq  f t )  (OF) 

Neat Exchanqer-to-Gas Heat Trans fer  C o e f f i c i e n t  

Assuming t h a t  the sorbent- to-gas f i l m  t r a n s f e r  c o e f f i c i e n t s  ob ta ined i n  
the  preceding p a r t  can be employed f o r  the  f i l m  c o e f f i c i e n t s  i n  the  present  
case, a f t e r  c o r r e c t i n g  f o r  the f i n  e f f e c t i v e n e s s  and area f a c t o r  (Reference 
7-7), we obta i n  

= 66 
xg, M. S. adsorp t i on  h 

= 95 
xg, S. G. , adsorp t i on  

h 

= 9.5 
xg, M. S., desorp t ion  

h 

= 6.0 
xg  S.G., desorp t ion  

h 

I t  should be noted t h a t  t h e  above heat t r a n s f e r  c o e f f i c i e n t s  a r e  based 
on the pr imary  p l a t e  area, which does no t  inc lude f i n  areas. 

3. E f f e c t i v e  Thermal Conduc t i v i t y  o f  Sorbent Bed 

P h i l l i p s ,  e t  a l ,  exper imenta l l y  ob ta ined a c o r r e l a t i o n  f o r  the e f f e c t i v e  
thermal c o n d u c t i v i t y  of a 1/8-in. molecular  s ieve bed as a f u n c t i o n  o f  gas 
thermal c o n d u c t i v i t y  and gas f l ow  r a t e  (Refe'rence 7-8) .  
can be a p p l i e d  t o  our  f i n a l  composite bed, which i s  made up of  1/16-in. mole- 
c u l a r  s ieve p e l l e t s  and 10-16 mesh s i l i c a  gel  p e l l e t s ,  we o b t a i n  

Assuming t h e i r  r e s u l t s  

Dur ing adso rp t i on  k 

During desorp t ion  k 

= 0 .  10 B tu / (h r )  ( s q  f t )  ( 'F / f t )  

= 0.08 Btu / (h r )  (sq f t )  ( 'F / f t )  

S 

S 

4 .  Heat Exchanqer-to-Sorbent Heat Trans fer  C o e f f i c i e n t  

Assuming an e f f e c t i v e  l e n g t h  o f  conductance o f  0.1 in. between the heat 
exchanger core metal  and the  sorbent, and us ing  a bed c o n d u c t i v i t y  o f  0.08, we 
r e a d i l y  o b t a i n  
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NOMENCLATURE 

A1 qebra i c  

A 

a 
59 

a 
vc 

a vx 

a 
xs 

C 

cPg 

C 
PX 

Dk 

F 

FN 2 

f 

G 

Gt 

For t ran  

ABED( 4 I ) 

ASG( 4 I ) 

AVC( 4 I ) 

AVX( 4 I ) 

AXG(4 I ) 

AXS( 4 I ) 

c(4 1 )  

CPC(  41 ) 

CPG( 4 I ) 

CPX(4 I ) 

DIF( 4 I ) 

F(4 I 

VGIDF(4 I ) 

GMR 

D e f i n i t i o n  

Cross-sect ional  area o f  adsorbent bed, sq f t  

Ex terna l  sur face  area o f  sorbent, sq ft/ 
( c u  f t  o f  bed) 

Pr imary heat t r a n s f e r  area f o r  coolant,  
sq f t /  ( cu  f t  o f  coo lan t  volume) 

Pr imary heat t r a n s f e r  area f o r  heat exchanger, 
sq f t  p l a t e  area/ (cu f t  o f  meta l )  

Pr imary heat t r a n s f e r  area between heat 
exchanger and gas stream, s q  f t / c u  f t  o f  
sorbent bed 

Pr imary heat t r a n s f e r  area between heat 
exchanger and sorbent, i d e n t i c a l  t o  a xg 

Mola l  dens i t y  o f  gas m ix tu re  l b  moles/ 
.. ( c u  f t )  

Heat capac i ty  of coolant,  Btu/('F) ( l b )  

Heat capac i t y  o f  gas mixture,  Btl;/(OF) ( l b )  

Heat capac i t y  o f  heat exchanger metal, 
Btu/ (  OF) ( 1  b) 

Mass d i f f u s i v i t y  o f  component k through 
the  i n t e r i o r  o f  sorbent, sq f t / h r  

. Fac tor  de f ined by Equat ion (7-  l6) ,  a 
f u n c t i o n  o f  pressure 

Fac tor  F f o r  the  f l o w  o f  N2 gas through 
M. S. bed 

Void f r a c t i o n  o f  bed 

Mass f l u x  = u p 

T o t a l  mass f l o w  rate,  l b / ( h r )  

l b / ( h r )  (sq f t  v o i d  area)  
9 9' 
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I '  
j. 
I- 

Alqebra i c  For t ra n 

hHk DH( 4 I ) 

h HSG(4l) 
S9 

HXC(41) 
xc  

h 

h HXG(41) 
xg 

HXS( 4 I ) 
x s  

h 

. K  GK(41) 
9 

SK( 4 1 ) 
kS 

TKX( 4 I ) 
kx 

M 
sg 

M 

MS 

Mwk SM(K) 

P p(41) 

PK(K,41) 
'k 

D e f i n i t i o n  

Heat o f  adso rp t i on  a t  each node Btu/(  l b  
adsorbed) 

Heat t r a n s f e r  c o e f f  i c l e n t  between sorbent  
and gas, based on a Btu/ (sq f t) (OF) (hr) 

5 9' 
Heat t r a n s f e r  c o e f f i c i e n t  between heat 
exchanger pr imary p l a t e  and coolant, 
Btu/ (sq f t )  (OF) (hr)  

Heat t r a n s f e r  c o e f f i c i e n t  between heat 
exchanger p r imary  p l a t e  and gas stream, 
B tu / (sq  f t )  (OF) (h r )  

E f f e c t i v e  heat t r a n s f e r  c o e f f i c i e n t  between 
heat exchanger p r imary  p l a t e  and sorbent 
B tu / (sq  f t )  (OF) (h r )  

Mass t r a n s f e r  c o e f f i c i e n t  between b u l k  
stream and the  sur face  o f  adsorbent. 
Surface k i n e t i c  r a t e  can be incorpora ted  

. i n  t h i s  c o e f f i c i e n t ,  lb-moles/(hr)  ( sq  f t )  
(mm Hg) 

E f f e c t i v e  thermal c o n d u c t i v i t y  of sorbent 
bed, Btu/(hr) ( s q  f t )  ( 'F / f t )  

Thermal c o n d u c t i v i t y  o f  heat exchanger core 
metal, B tu / (h r )  ( sq  f t )  ( 'F / f t )  

Mo la l  r a t e  o f  mass t r a n s f e r  i n t o  b u l k  gas 
s t r e a d u n i t  bed volume, lb-moles per  
(cu  f t  o f  bed) ( h r ) ;  See E q .  (7-15) 

Index denot ing i n t e r i o r  r a d i a l  node i n  
sorbent 

I n t e r i o r  node corresponding t o  the  sur face  
o f  p e l l e t  

Mo lecu la r  weight  of component K. K = I 
and 2 

To ta l  pressure i n  b u l k  gas stream, mm Hg 

=P.Xk; P a r t i a l  pressure of component k i n  

b u l k  gas stream, mm Hg 
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Def i n  It i o n  . .  A1 qebra i c  

’ks 

F o r t  ran 

E q u i l i b r i u m  pressure o f  component k a t  
sur face  o f  sorbent, mm Hg 

Gas constant, 554 (mm Hg)(cu f t ) / (  lb-mole) 
(OR) 

R RGAS 

Radial  d is tance from center  o f  sphere, f t  

r a t  i n t e r i o r  node M, f t  

r 

‘M 

r 
S 

Average p a r t i c l e  rad ius  found from and 
a f t  

sb 
sg’ I: 

P Time, hr  

Time increment, h r  

t 

TC(41) 

TG(4 I )  

TS(4 I )  

TX( 4 I ) 

TG I 

Coolant temperature, OF 
TC 

T 

T 

9 

S 

Gas temperature, O F  

Sorbent temperature, O F  

Heat exchanger core metal  temperature, O F  

. 

tl TX 

I n l e t  gas temperature f o r  adso rp t i on  cycle,  
OF 

I n l e t  g l y c o l  temperature, OF 7-2 6 8  

U 
C 

U 
9 

T268 

uc(41 )  

UG(41) 

Coolant v e l o c i t y ,  f t / h r  

I n t e r s t i t i a l  gas v e l o c i t y ,  i.e., t r u e  gas 
v e l o c i t y ,  f t / h r  

Size o f  each sorbent  i n t e r i o r  node, cv f t  

W(21, 41) Local  load ing  o f  component k i n  sorbent, 
l b  adsorbate k / l b  sorbent  

A f u n c t i o n  o f  pressure which represents  the 
capac i t y  o f  vacuum duct, I b / h r  

Distance from molecular  s ieve  bed end, f t  X 

‘k 
x(4 I )  Mole f r a c t i o n  o f  component k i n  gas stream. 

k r e f e r s  t o  C02 i n  M.S. bed gas stream, and 
H20 i n  S.G. bed gas stream 
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Alqebra ic  

x k  
0 

Greek L e t t e r s  

p c  

P S  

sb 

Subscr ip ts  

b 

X 

EXAMPLE INPUT 

For t ran  

RH@( 4 I ) 

RWG(4 I-) 

RH@ S( 2 1 

R@ SB( 4 I ) 

De f I n I t i on 

To ta l  combined bed depth, f t  

Coolant densi ty ,  l b / ( c u  f t )  

Gas dens’ity, l b / ( cu  f t )  

.Sorbent densi ty ,  l b / ( c u  f t  p a r t i c l e )  

Sorbent b u l k  densi ty,  l b / ( c u  f t  bed volume) 

Bu lk  

Coolant * 

Gas stream 
.. 

I n l e t  

Component k 

Sorbent i n t e r i o r  node 

Surface o f  sorbent 

Sorbent 

A t  t ime t 

Vol ume 

Heat exchanger 

AND OUTPUT 

As an example o f  the program usage, the  i npu t  data requ i red  f o r  p r e d i c t i n g  
the  performance o f  the  composite bed,,which i s  descr ibed i n  Sect ion 8, a r e  
g iven i n  Appendix D. Example ou tpu ts  o f  the adso rp t i on  p e r i o d  a r e  g iven i n  
Appendix E, and those o f  the deso rp t i on  p e r i o d  a r e  g iven i n  Appendix F. 

COMPLETE LISTING OF SOURCE PROGRAM 

A complete l i s t i n g  o f  the F o r t r a n  source program i s  g iven i n  Appendix G. 
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SECTION 8 

BED DESIGN 

The data taken on t h e  small, 5/8- in.-diameter bed and on the  3-in.-deep 
p ro to type  bed were used t o  i d e n t i f y  the  mass and heat  t rans fe r  parameters 
necessary t o  descr ibe the  mixed gas adso rp t i on  and desorp t ion  processes. 
these parameters i t  was poss ib le  t o  s imu la te  any bed c o n f i g u r a t i o n  w i t h  any 
gas flow, coo lan t  flow, cab in  size, and C O P  o r  H,O produc t ion  rate.  The computer 
program, whis;h s imulates bed performance under the opera t ing  cond i t i ons  i n p u t  
t o  it, then revealed the C02 and H20 removal r a t e  under these cond i t ions .  From 
simple mass balances t h e  program a l s o  c a l c u l a t e d  the  instantaneous change i n  
cab in  C02 pressure and the po ison ing  r a t e  o f  the moelcu lar  s ieve  bed due t o  
the water  e f f l u e n t  from the s i 1  i ca  ge l  predryer .  

Using 

The t d t a l  bed size,  i n c l u d i n g  the s i l i c a  ge l  and molecular  s ieve  and the  
duc t i ng  was f i x e d  by the geometry o f  the enc losure i n  the  spacecraf t .  Bed 
design became a ma t te r  o f  choosing the  b e s t  d i v i s i o n  o f  t o t a l  sorbent  volume 
between s i l i c a  ge l  and molecular  sieve, the gas f l o w  rate, the heat exchanger 
conf igura t ion ,  the heat t r a n s f e r  f l u i d  f l o w  r a t e s  and temperatures, and the  
c y c l e  time. The design performance c r i t e r i a  were a cab in  CO, l e v e l  o f  no 
h igher  than 7.6 mm Hg a t  a p roduc t i on  o f  0.264 l b  C02/hr and a bed l i f e  u n t i l  
bakeout o f  a t  l e a s t  45 days. The design was accomplished by va ry ing  one 
opera t i ng  parameter a t  a t i m s  t o  f i n d  the  approximate optimum o f  al l .+k 

Several compliter c a l c u l a t i o n s  were made t o  determine the  e f f e c t  o f  each 
parameter. Yecause the  s i l i c a  ge l  bed performance seemed d i f f i c u l t  t o  p r e d i c t  
w i t h  a g rea t  degree of c e r t a i n t y ,  a length  of 3 in. was assumed g r e a t  enough 
t o  prevent  breakthrough a t  any opera t i ng  cond i t i ons  be ing  considered and a l s o  
t o  p r o h i b i t  channeling. Th is  f i x e d  the  molecular  s ieve  bed l e n g t h  a t  7.63 in. 
The p r e d i c t e d  o u t l e t  dew p o i n t  was f a i r l y  constant  a l l  through the c y c l e  and 
depended p r i m a r i l y  on desorp t ion  performance. This, i n  turn, depended on t h e  
amount o f  s t r i p p i n g  prov ided by the  desorb ing C02 from the  molecular  s ieve  bed. 

The molecular  s ieve  bed must be i n i t i a l l y  baked out  be fo re  f l i g h t .  An 
e l e c t r i c  hea t ing  m a t r i x  was prov ided i n  t h e  major p o r t i o n  o f  the bed (see F igure  
8-1). T h i s  u n i t  would a l s o  be used f o r  regenera t ion  i n  the case o f .acc identa1  
water  po ison ing  i n  f l i g h t .  To regenerate the s ieve  t o  acceptably  low res idua l  
water requ i res  temperatures of 40OoF. 
n o t  w i ths tand  t h i s ,  so  were no t  p e r m i t t e d  i n  t h i s  mo lecu la r  s ieve  sect ion.  
However, s ince  t h e  heat o f  adso rp t i on  o f  C 0 2  i s  low, the adverse temperature 
swing i n  an  a d i a b a t i c  bed i s  no t  large.  
more volume-remains f o r  sorbent m a t e r i a l .  

A g l y c o l  o r  water  heat exchanger would 

A lso ,  w i t h o u t ' a  l i q u i d  heat  exchanger, 

++A more soph is t i ca ted  o p t i m i z a t i o n  approach was n o t  f e l t  j u s t i f i e d  due t o  the  
approximate na tu re  o f  severa l  o f  the c o e f f i c i e n t s  and a l s o  because of  the 
complex i ty  o f  the process. 
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For  purposes o f  ca l cu la t i on ,  the  molecular  s ieve bed was d i v i d e d  i n t o  an 
a c t i v e  p o r t i o n  and a water-po isoning "dump," ad jacent  t o  the. s i 1  i ca  ge l  bed. 
The l i f e  of a g iven bed i s  determined by how long i t  w i l l  take t o  complete ly  
f i l l  the "dump" sec t i on  o f  the molecular  s ieve  w i t h  the water  vapor e f f l u e n t  
from the s i l i c a  ge l  bed. Thus, w i t h  a f i x e d  t b t a l  molecular  s ieve 'bed size,  
a l a r g e r  a c t i v e  bed means a smal le r  "dump," and hence s h o r t e r  bed 1 i f e .  But 
the longer  a c t i v e  bed n a t u r a l l y  increases the C02 removal ra te .  SO cond i t i ons  
must be found where the bed l i f e  i s  a t  l e a s t  45 days, a t  which t ime the C O 2  

removal r a t e  remains a t  l e a s t  0.264 l b /h r .  I n  r e a l i t y ,  the a c t i v e  bed decreases 
i n  s i z e  a l l  du r ing  the days o f  operat ion.  .The c a l c u l a t i o n s  a r e  performed, i n  
e f f e c t ,  a t  the worst  p o s s i b l e  time, when t h e  e n t i r e  s e c t i o n  a l l o t t e d  for  water  
po ison ing  has been poisoned. Add i t i ona l  conservat ism was 'achieved by i n i t i a l l y  
sub t rac t i ng  from the a c t i v e  bed I in. o f  s ieve  to  account f o r  a water  load ing  
p r o f i l e  Iiot as sharp ly  de f ihed as an t i c ipa ted .  

The p r e d i c t e d  e f f e c t  o f  f l o w  r a t e  on C02 performance i s  shown i n  F igure  8-2 
a t  one c y c l e  time, 15 min. The bed l e n g t h  i s  t h a t  l e n g t h  o f  s ieve  n o t  water  
poisoned. Inc reas ing  f l o w  r a t e  increases the  C02 removal rate,  b u t  a l s o  in-  
creases the water  po ison ing  r a t e  due t o  the f a s t e r  breakthrough o f  the  s i l i c a  
gel.  The e f f e c t  o f  a c t i v e  molecular  s ieve  depth i s  a l s o  shown. A t  a g iven 
a c t i v e  bed length,  the h igher  f l o w  r a t e s  produce b e t t e r  C02 removal r a t e s  b u t  
a l s o  lower bed 1 i f e .  I nc reas ing  the a c t i v e  bed l e n g t h  increases the removal 
ra te.  

The e f f e c t  o f  c y c l e  time'on C O z  performance and po ison ing  i s  shown i n  
F igure  8-3. Here the e f f e c t s  of  va ry ing  the  a c t i v e  and "dump" sec t ions  o f  
the  niolecular s ieve  bed become apparent. The t o t a l  mo lecu la r  s ieve  bed i s  
composed o f  18 equal s i zed  nodes f o r  computation purposes. The t o t a l  weight  
i s  9.56 Ib. The curves r e f e r r e d  t o  the l e f t -hand  o r d i n a t e  show the  e f f e c t s  

Increases 
i n  e i t h e r  a i d  the removal ra te .  However, inc reas ing  the  a c t i v e  bed lowers 
the a v a i l a b l e  "dunip" s ize.  The curves r e f e r r e d  t o  the r igh t -hand o r d i n a t e  show 
t h i s  e f f e c t .  The lower "dump" s i z e  lowers the days o f  ope ra t i on  u n t i l  the  
dump i s  complete ly  f i l l e d  w i t h  water. Longer c y c l e  t ime i s  seen t o  decrease 
b o t h  bed 1 i f e  and C02 removal performance. However, longer  c y c l e  t imes a r e  
des i rab le  from the v iewpoint  o f  wear on sw i t ch ing  components such as gas and 
coo 1 a n t va 1 ves . 

of  i nc reas ing  a c t i v e  bed s i z e  and gas f l o w  r a t e  on C O P  removal. 

The opera t i ng  p o i n t  was chosen i n  F igure  8-2 as 10 l b / h r  gas f l o w  w i t h  13 
nodes considered a c t i v e .  The 5 nodes l e f t  f o r  water  po ison ing  y i e l d  as pre- 
d i c t e d  bed l i f e  o f  45 days a t  a c y c l e  t ime o f  20 min. However, because t h e  
curves a r e  very f l a t ,  the p rec i se  values awai ted performance t e s t i n g .  Confidence 
was gained i n  the design chosen even though i t  was n o t  poss ib le  t o  spec i f y  
e x a c t l y  ope ra t i on  parameters. The ca lcu lac ions  d i d  show the ranye o f  these 
parameters which would y i e l d  the  des,i red bed performance. 

Bed Phys i c a l  C h a r a c t e r i s t i c s  

The f i n a l  bed design i s  shown a s ' F i g u r e  8-1. A photograph o f  the two 
beds mounted i n  t h e i r  frame i s  F igure  8-4. Figure  8-5 shows the i n t e g r a t i o n  
i n t o  the command module. F igu re  8-6 i s  the  schematic o f  the duc t i ng  arrange- 
ment f o r  the system. 
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1 

APPENDIX A 

THERMODYNAMICS OF ADSORPTION - 

Consider n moles of gas physically adsorbed upon an inert adsorbent and 
having energy Est entropy.SS, volume V 
for hysteresis, is then reversible. The energy of the system, by the first 
law of thermodynamics, is a perfect differential, and can be written as a 
function of the aforementioned extensive variables in the following manner: 

and area a. This adsorption, except 
s' 

For simplicity, the subscripts s referring to the adsorbed phase have 
been omitted and wi 1 1  be understood imp1 ic ity hencef.orth. 

The differential coefficients are defined, respectively, to be the tem- 
perature, T, pressure, P, surface pressure, 0, and chemical potential 11, 
of the adsorbate with algebraic signs designated as follows: - 

dE = TdS - PdV - oda + ydn (A-2) 

Since E is a homogeneou; function of the first degree in extensive vari- 
- .  ables S, V, a, and n, Equation (A-2) integrates directly to 

E = TS - PV - qja + un 04-43 1 
.Taking the total differential of each term in the preceding equation, 

the next relationship follows: 

dE = TdS + SdT - PdV - VdP - @da - ad@ + ydn + ndp (A-4 ) 
If Equation (A-2) is subtracted from Equation (A-4), the result'is - _. 

ndu = -SdT + VdP + ado (A-5 

Then dv = -sdT + vdP 1- Td$ (A-7 ) 

Consider now the gaseous phase in equilibrium with the adsorbate. It 
will be assumed that the pressure and temperature of  this phase has become 
equal to those that have been designated T and P in the adsorbed layer. Then 
by a similar sequence of steps, the fol lowing appl  ics to the gas phase where 
the subscript G refers to its state. 
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C U J ~  = - S  dT + vG dp 
G 

A t  equilibrium 

PG = P 

consequently, 

-sdT + vdP + Td@ = -sGdT + vG dP 

constant @ 

At constant T 

(A-8 

(A-9 1 

(A-10) 

( A - l  1 ) 

(A -12 )  

The preceding equation shows how to obtain @ from isothermal data which is 
the fami 1 iar Gibbs Isotherm for spreading of surface layers. Equation (A-  I I ) ,  
on the other hand, is the analog of the usual change of phase equation such as 
the Clapeyron one. In fact, it can be written in more familiar form by means 
of Equation ( A - 3 )  and its counterpart for the gas phase. 

Rewrite Equation ( A - 3 )  as foliows for n = 1 

p = e + PV - TS + @ r ,  
Similarly, for the gas phase 

pG = e f PvG - TsG 
G 

Utilizing Equation (C-9)  

e + PV - Ts -F @r = eG t- PV - TsG G 
Then 

T(sG - S )  = hG - (h + @r,)  
where h = e + Pv. 

(A -13 )  

(A -14 )  

(A -15 )  

The right-hand side of the preceding can be designated as a generalized Ah 
Then Equation ( A - 1 1 )  can be written 

Ah 

(A-16) 

7 )  (A- 
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where Av = v . -  v G 
Closer s c r u t i n y  o f  Equat ion ( A - 2 )  shows t h a t  the  adsorbate s t a t e  i s  

Then @ 
r e a l l y  the d i f f e r e n c e  between t h a t  o f  the  pure  s o l i d  and s o l i d  p l u s  adsorbed 
phase, p rov ided the s u b d i v i s i o n  and s p e c i f i c  sur face  a r e  reta ined.  
receives i t s  i n t e r p r e t a t i o n  as fo l l ows :  

@a = (Yo - v ) a  (A- 18) 

where 

Th is  is the equ iva len t  o f  the  spreading pressure encountered i n  o t h e r  sur face  
systems. 
acqu i re  t h e i r  customary i n t e r p r e t a t i o n ;  e.g., P i s  the h y d r o s t a t i c  pressure.  

yo and y represent the  sur face  tens ions be fo re  and a f t e r  adsorpt ion.  

As another consequence, the  remaining va r iab les  o f  Equat ion ( A - 2 )  

As c o r o l l a r i e s ,  i f  the s o l i d  i s  s t i l l  assumed t o  be i n e r t ,  the  phase 
boundary can 'be r i g i d l y  designated as the s o l i d  sur face  and the  q u a n t i t i e s  
t r e a t e d  i n  the counterpar t  o f  Equat ion (A-2) .  The Gibbs ian form o f  the  
suceeding r e l a t i o n s  de r i vab le  from Equat ion (A-2),  dea l i ng  w i t h  sur face  
excesses only,  i s  i n d i s t i n g u i s h a b l e  from the fo rego ing  r e s u l t s .  On the  o t h e r  
hand, i f  the  s o l i d  p l u s  adsorbate i s  t r e a t e d  as one phase and the  treatment 
f o l l o w i n g  Equat ion ( A - 2 )  i s  p a r a l l e l ,  allowances f o r  changes i n  dimensions i n  
the  adsorbant p l u s  adsorbate can be a l lowed f o r .  The r e s u l t s  would s t i l l  have 
the  same form. 

For changes i n  dimension, use Equat ion ( A - 7 )  w i t h  the  understanding t h a t  
i t  r e f e r s  t o  the l a s t  named system. Then 

u t i l i z i n g  the  usual d e f i n i t i o n  o f  b u l k  modulus. 

I f  Equat ion ( A - 7 )  i s  i n t e g r a t e d  a t  constant  T and P employing the  same 
technique as w i t h  Equat ion (A-2), 

PJ I - l @  (A-2 1 ) 

Therefore,  i s o s t e r i c  measurements o f  s i z e  changes should be feas ib le .  
The 1 i t e r a t u r e  now abounds w i t h  them. 
have been ob ta ined i n  some cases by heats o f  s o l u t i o n  o f  var ious  areas ex t ra -  
p o l a t e d  t o  zero area. Otherwise the  t h i r d  law o f  thermodynamics i s  used t o  
measure s and h by means o f  t he  A C  Apply Equat ion (A-16; 

The sur face  tens ions o f  the  pure sol i ds  

o f  the elements. 
P 
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t o  the pure s o l i d  alone. The A s ign  s i g n i f i e s  fo rmat ion  from the  elements, 
and I', becomes the  s p e c i f i c  sur face  area, 

TAs = Ah - y0r, (A-22 ) 

Yof I = Ah-TAs (A-23) 

where (j3 has now been rep laced by y . Equat ion (A-23) i s  t he  bas i s  o f  t h e  -. 

0 Jura-Garland method. 

The above exhausts what thermodynamics can supply i n  the  way o f  measurement 
e l u c i d a t i o n .  M o b i l i t y  on t h e  sur face  may be deduced from the measurements 
descr ibed by Equations (A-ll) and (A-12) .  
been expounded i n  the  techn ica l  sec t ion .  

The importance f o r  bed s tud ies  has 

To detect  the  c o n d i t i o n  o f  the  sur face  groups o f  the  s o l i d  t h a t  because 
of  t h e i r  unsaturated valences o r  de fec ts  possess permanent magnetic moments, 
magnetic resonance techniques a r e  f i n d i n g  inc reas ing  use. The changes i n  the  
gaseous adsorbate upon i t s  condensat ion a r e  now be ing  s tud ied  by i n f r a r e d  
absorp t ion  spectrometry.  The na ture  o f  the  adsorp t ion  fo rces  f o r  phys i ca l  
adsorp t ion  can then be cha rac te r i zed  more f u l l y  and a b e t t e r  f o rmu la t i on  made 
of . t he  van der Waal's fo rces .  
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. .APPENDIX B 

FUtJDAMEilTALS GF MASS BALANCES AND T H E I R  SIMPLIFICATION 
L 

Partial Molal Volumes and Their Possible Simplification o f  the Diffusion 
Equat ion 

Let 

(Note: A subscript that appears twice in a product implies a summationJ 

Assume an infinitesimal change d7/, all else constant such as 

The change i s  made holding all else constant 
-. 

or 

or 

z cj 13' .i 
. .  

The following Gibbs-Duhem relation then can be applied 

Equatlon (B-2)can be rewrttten as follows: 

Let m be the mass o f  specles i, and M the mol, wt. i 
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Then, i f  
- *  

. which is the relation that is desired. 
For a binary system 

03-51 , 

Another reistion that i s  neededis 

34  

4 
a A = P  

where 

s i nce 
t 

From Equation(8-2) for binary system 

If the preceding equation i s  divided by m, the total mass, - - 
% -- VA -- 

I ’  

P Mk 

The same result also follows from Equ,ation (8-5) 
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But 

- L 

Now the re la t ion  between the following i s  desired 

03-91 
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; I f  the fo l lowing is considered 
$" 4. 

f' 

k*, 

c 

F i i - h ' s  f i r s t  IC+vi  o f  d i f f u s i o n  i s  commonly w r i t t e n  

(B- 1 4 )  
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From Equat ion ( 6 - 9 )  I 

\ 

Therefore,  t h e  following is obta ined 

' I  - .  :pression r e s u l t s :  

; 
'2 

(8-16) - - .  

and,by s u b s t i t u t i o n  from Equation(B- ),the f o l l o w i n  

This  l a s t  express ion i s  more su i tab le ,s ince  i t shows t h a t  t he  con- 
c e n t r a t i o n  g rad ien t  r a t h e r  than the mass f r a c t i o n  grad ien t  can be used as 

. t h e  " d r i v i n g  f o r c e  f o r  d i f f u s i o n . "  

U t i l i z a t i o n  o f  the  Preceding Expression i n  the  Equation o f  Mass Transport  
Wi th  Chemical, Mechanica1,and Thermal E q u i l i b r i u m  

The t o t a l  m a t e r i a l  balance i s  

(B- 17) . 

where p v represents  the  t o t a l  mass f l u x  due t o  each o f  the  components i i  

(B- 18) 

The c q u a l l t y  o.? = o  must be demonstrated. For t h i s  purpose, 

Let  

., 
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then 
h 

and 

J 

Equa t ion (B- 19) then becomes 

(Bl9) 

but  

4 h 
A 

and consequently 

(B- 20) 

A 

Assuming t h a t  v 
i follows t ha t  

a re  un i fo rm and t h a t  t he re  i s  no acce le ra t ion ,  i t  then' 

-0 

y7.W = o  ' (8-21) 

I t  must be n o t i c e d  t h a t  i f  i n  a d d i t i o n  t o  t h e  prev ious cond i t ions ,  t he  pressure 
grad ien ts  a re  small, as would be t h e  case f o r  t he  mot ion through the  pores 
o f  a bed p a r t i c l e ,  v o  i s  zero  as shown i n  Reference D9. 

A p p l i c a t i o n  t o  the  Fixed Bed Problem . 

3 Let 
-0  

n)- = A* 
whcre  v i s  the s u p e r f i c i a l  v e l o c i t y  through the  bed, and i f  v i s  independent 
o f  concentrat ion,  i t  can be considered t o  be un i fo rm over the  bed length.  I n  
t h i s  equat ion I< i s  a u n i t  vec tor  i n  t h e  z d i r e c t i o n .  
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Then if 8 is the external void fraction in the bed, and considering 
mass transfer diffusion only, 

I 

* -  

Using Equation (8-16) 

Now let vo 2 kv and DAB = E, the diffusivity for both molecular and 
and eddy transport in the stream flowing in the external voids. 
concentration of mass A in the flowing stream will be denoted by C and that 
in the pores of the stationary bed by C. 
to occur in the z direction. 
.becomes 

Also, the 

The superficial motion i s  taken 
The mass balance for the flowing stream then 

or 

(B-22) - 

Here i t  has been assumed that pore diffusion is the sole mode of disappear- 
ance of mass A from the flowing stream. 

By virtue o f  the remarks following Equation (8-21) there is no convective 

The interfacial concentrations are related by 
velocity term fcr pore diffusion and Equation(4-19) of Section 4 applies. 

where w is obtained from the process occurring on the surfaces of the solid 
pores. 
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Figure C-6. Equilibrium and Nonequilibrium Isotherms o f  Water Vapor Adsorption 
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Figure C - l l .  Dynamic Adsorption of C02 on Linde Molecular Sieve 
Type 5A, 1/16 in, Diameter Pellets at O°C 
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Run No. 4 
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CARRIER GAS = DRY NITROGEN 
AVERAGE FLOW = 

BED WEIGHT = 24.5g 
BED HEIGHT = 7.2 I N . ,  BED I . D .  = 5/8 I N .  
AVERAGE SYSTEM PRESSURE = 

- 1.275 L / M I N  (STD) 
AVERAGE C02 INLET CONCENTRATION = 2.71 PERCENT = 7.12 mm Hg 

- 
10.35 I N .  Hg = 5.08 P S I A  . *  . 

TIHE, HIN 

A-22006 

F igure  C-12. Breakthrough of COz from Linde H o l e t u l a r  Sieve, Type 5A, 
1/16 in .  Diameter Pellets at 0 6 C  
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Run No. 5 
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TIME, MIN A-22019 

Figure C-13. Dynamic Adsorption o f  COO on Linde Molecular Sieve 
Type 5A, 1/16 in. Diameter Pellets at 25OC 
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TIME, MIN 

A-22007 

F igure  C - 1 4 .  Breakthrough of  COz from Linde Molecular  Sieve, Type 5A, 
1/16 i n .  Diameter P e l l e t s  a t  2S0C 
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Run No. 6 
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CARRIER GAS = NITROGEN 
AVERAGE FLOW = I .265  L /MIN 
AVERAGE C02 I N L E T  CONCENTRATION =. 2.73 PERCENT = 7. I 8  rnm Hg 

- 

TIME, M I N  

A-22024 

Figure C-15. Dynamic Adsorption of COP on L i n d e  Molecular Sieve 
Type 5A, 1/16 i n .  Diameter Pellets a t  25OC 
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Figure C-16. Breakthrough of COz from Linda Molecular Sieve, Type 5A, 
1/16 in. Diameter Pellets at 2 5 O C  
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Run No. 7 
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- *  CARRIER GAS = DRY NITROGEN 
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AVERAGE SYSTEM PRESSURE = 10.35 In. H g  = 5.08 P S I A  

. TIME, M I N  

A-22026 

Figure  C - 1 7 .  D y n a m i c  Adsorption @ f  CO2 OR Llnde Molecular Sieve 
Type 5A, 1/16 in. Diameter Pellets at 25OC 
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CARRIER GAS = DRY NITROGEN 
AVERAGE FLOW = 0.565 L/MIN (STD) .  
AVERAGE C02 I N L E T  CONCENTRATION = 2.72 PERCENT = 7. I 4  mm H g  - 
BED WEIGHT =. 35.49 

AVERAGE SYSTEM PRESSURE = 10.35 I N .  H g  = 5.08 P S I A  

- 

BED HEIGHT = 10.1 IN., BED I.D. = 5/8 IN. - - 

TIME, M I N  

A-220 10 

Figure C-18. Breakthrough of C 0 2  fram Linde Helecular Sieve, Pype SA, 
eter Pellets a t  25OC 
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DESORBED A T  6 O O 0 F  UNDER VACUUM 

- AVERAGE FLOW = 1.264 L / M I N  (STD) 
I N L E T  CONCENTRATION = 2.71 PERCENT = 7.13 ITMI Hg 

I BED HEIGHT = 10.1 IN., BED I.D. = 5 / 8  I N .  

TIME, M I N  

A-22025 

F i g u r e  C-19. Dynamic A j s o r p t i o n  o f  C o p  on Linde M o l e c u l a r  Sieve 
Type 5A, 1/16: In. (Dl t a r  p e l l e t s  a t  O'C 
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T I M E ,  M I N  

A-22008 

F i g u r e  C-20. Breakthrough o f  C O z  from Linde Molecular Sieve, Type 5A, 
1/16 in. Diameter Pellets a t  O * C  
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C A R R I E R  GAS = DRY OXYGEN 
AVERAGE FLOW = I .26 L / M I N  (STD)  
AVERAGE C O z  I N L E T  CONCENTRATION = 2.74 P E R C E N T  = 7. I9 mm Hg 

- 

. T I M E ,  MIN 

A-22027 

Figure C - 2 1 .  Dynamic Adsorption o f  C O z  on Linde Molecular Sieve 
Type 5A, 1/16 4 in. _. L D i a m e t e r  Pellets at 25OC 
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Figure  C-22. Breakthrough of C02 from Linde Molecular Sieve, Type 5A, 
1/16 in .  Diameter Pellets at 25OC 
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Figure C-23. Dynamic Adsorption of C02 on Linde Molecular Sieve 
Type SA, I / l d , i n .  Diameter Pellets a t  O°C 
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AVERAGE SYSTEM PRESSURE = 10.35 IN. Hg = 5.08 PSIA 
- DESORBED AT 6OO0F UNDER VACUUM 

TIME, MIN 
A-220 I 1 

F igure  C-24. Breakthrough of COz from Linde Molecular Sieve, Type 5A, 
1/16 in. Diametsr Pellets a t  O'C 
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Figure C-25. Dynamic Adsorption of COz on Linde Molecular Sieve 
Type 5A, 1/16 I in. - .  Diameter Pellets at 25OC 
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BED WEIGHT = 35.49 I - - BED HEIGHT = 10.1 I N . ,  BED I . D .  = 5/8 I N .  
* AVERAGE SYSTEM PRESSURE = 10.35 I N .  Hg = 5.08 P S I A  

DESORBED AT 6OO'F UNDER VACUUM' 

TIHE, M I N  
A-22012 

Figure C-26. Breakthrough bf COt'ffom I i n d e  Holaculer Sieve, Type 5A, 
1/16 in .  Diameter Pellets at 25O.C 
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AVERAGE C02 INLET CONCENTRATION = 2.74 PERCENT = 7.21 mm Hg 
BED WEIGHT = 35.49 
BED HEIGHT = 10.1 I N . ,  BED I . D .  = 5/8 IN. 
AVERAGE SYSTEM PRESSURE = 10.35 IN ,  Hg = 5.08 P S I A *  
DESORBED AT 600°F UNDER VACUUM 
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TIME, MIN 

A-22030 

F i g u r e  C-29.  Dynamic Adsorpti-on of COS OR Linde Molecular SiEvq 
Type 5A, 1/16 I -  in:Diameter Pellets a t  5OoC 
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R u n  No. 13 

I 1 1 1 1 I 1 I I I I 
7 

CARRIER GAS = NITROGEN 

AVERAGE CO, I N L E T  CONCENTRATION = 2 .74 PERCENT = 7.21 mm H g  
- AVERAGE FLOW = 0.556 L/MIN (STD) 

, >  - BED WEIGHT = 35.49  

AVERAGE SYSTEM PRESSURE = 10.35 I N !  H g  = 5.08 PSIA 
DESORBED A T  6 O O 0 F  UNDER VACUUM 

- BED HEIGHT = 10.1 IN., BED I.D. = 5 / 8  I N .  

TIME, M I N  
A-22013 

Figure  C-30. Breakthrbugh af C O z  from t l d e  Holecular Sieve, Type SA, 
1/16 in.'Dlameter Pellets at 50'6: 

67- I75 I 
Page C-30 



7.0 

6.0 

5.0 

w r 
3 
-1 
0 
> 
>- 4.0 
m 
cu 
0 
c) 

4 
W ; 3.c 
a 

2.c 

I .o 

C 

Run No. 14 

I I I I 1 1 1 1 .  I I 
CARRIER GAS = NITROGEN - .  

. AVERAGE FLOW = 1.264 L / M I N  ( S T D )  - 

. BED HEIGHT =.. 10.1 I N . ,  BED I . D .  = 5/8 I N .  _I 

AVERAGE C O z  I N L E T  CONCENTRATION 5 2.47 PERCENT = 7.01 mm Hg 
BED WEIGHT = 35.49 

AVERAGE SYSTEM PRESSURE = 10.35 IN. Hg = 5.08 P S I A  
DESORBED A T  60OoF UNDER VACUUM 

T I M E ,  M I N  
A-22031 

F igure  C-31. D y n a m i c  Adsorption of COS! on L i n d e  Molecular Sieve 
Type 5A, lflbi in. D i a m e t a t  P e l l e t s  a t  9. I°C 
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Run No. 14 
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C A R R I E R  GAS = NITROGEN 

AVERAGE C o p  INLET CONCENTRATION = 2.67 PERCENT = 7.01 Hg 
BED WEIGHT = 35.69 

AVERAGE SYSTEM PRESSURE = 10.35 I N .  Hg = 5.08 P S I A  
DESORBED AT 6OO0F UNDER VACUUM 

___ AVERAGE FLOW = I .264 L/MIN (STD) - 

- BED HEIGHT = 10.1 I N . ,  BED I . D .  = 5/8 IN. 

I20 

TIME, M I N  A-220 I 6  

F igure  C-32 .  Breakthrough of C02 f r w  Linde r iolecular  Sieve, Type 5A, 
1/16 in.  Diameter P e l l e t s  a t  9 .  I ° C  
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Figure C-33. Dynamic Adsorption of C O z  on Linda Molecular Sieve 
Type SA, 1/16, i n .  Diameter Pel hits a t  25'C 
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Run No.  15 

1 I 1 I I I I I 1 I 1 
CARRIER GAS = NITROGEN 

__ AVERAGE FLOW = I .23 L / M I N  ( S T D )  - 

- BED HEIGHT = 10.1 I N . ,  BED I . D .  = 5 / 8  IN. 7 

AVERAGE C O P  I N L E T  CONCENTRATION = 0 . 3 9  PERCENT = 1.03 mm Hg 
BED WEIGHT = 35.4g 

AVERAGE SYSTEM PRESSURE = 10.35 IN. Hg = 5.08 P S I A  

T I M E ,  M I N  
A-22015 

Figure  C-34. Breakthrough bf Cot f.rm l i inda H d e c u l a r  Sieve, Type 5A, 
1/16 in. Diameter Pellets at 25OC 
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Run No. 16 

CARRIER GAS = hITROGEN 
AVERAGE FLOW = 1.24 L /MIN  (STD) 

BED WEIGHT = 3 5 . 4 9  
BED HEIGHT = 10.1 IN., BED I . D .  = 5/8 I N .  

DESORBED AT 6 O O 0 F  UNDER VACUUM 

- AVERAGE GO2 I N L E T  CONCENTRATION = 0.395 PERCENT = 1.04 mm Hg - 
- - AVERAGE SYSTEM PRESSURE = 10.33 I N .  Hg = 5.07  P S I A  

TIME, M I N  

. A-22018 

Figure C-35. D y n a m i c  A d s o r p t i o n  of C O z  on Linde Molecular Sieve 
Type 5A, 1/16’ in.lDI e te r  PbIlsts a t  5OoC 
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AVERAGE FLOW = 1.24 L / M I N  ( S T D )  . 

BED WEIGHT = .35.49 
AVERAGE C02 I N L E T  CONCENTRATION = 0.395 PERCENT = 1.04 mm H g  I_ 

- BED HEIGHT = 10.1 I N . ,  BED I . D ,  = 5/8 I N .  
. AVERAGE SYSTEM PRESSURE = 10.33 I N .  H g  = 5.07 P S I A  ’ 

DESORBED AT 600’F UNDER VACUUM 

T I M E ,  M I N  
A-22016 

Figure C-36. B r e a k t h r o u g h  of C02 from Linda Molecular Sieve, T y p e  5A, 
1/16 in.  Biameter P e l l e t s  a t  5 0 ° C  
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Figure C-37. Dynamic Adsorption of  COP on Linde Molecular Sieve 
Type SA, C/l6: in.IDiameC@r Pellets a t  O°C 
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- AVERAGE FLOW = 1.223 L / M I N  (STD) 
AVERAGE C o p  INLET CONCENTRATION = 0.384 PERCENT = 1.01 mm Hg 
BED hEfGHT = 35.4s 

TIME,  M I N  
A-22002 

Figure  C-38. Breakthrough of G O 2  Prom t i d e  Hcblecular S i e v e ,  Type SA, 
1/16 in. Diameter Pellets a t  O°C 
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Figure C-39. Dynamic Adsorption of H20 Vapor on Oavison Silica Gel, 
Grade 05, 6-16 Mesh Granules at 25OC 

67- I751 
Page C-39 

. - *. . .  



3 
U 
N 

3 
N 
N 

O 
cu 

8 

0 * 

ra u .- 
P .- 
* .  

m &  , 

I 
V 

0 

67- I75 I 
Page C-40 



RUN NO, 4W 

40 

30 

20 

10 

0 

-10 
LL 
0 

5i- -20 
W 
0 
p. 

2 -30 a 

-40 

- 60 

- 70 

-90 

-100 
0 5 0  100 150 200 250 300 350 400 450 500 

TIME,  M I N  
~ - 2 2 0 3 7  

Figure C-41.  D y n m i c  Adsorption o f  ti20 V 
0 5 ,  6- 16 M e s h  Granules 

67- I75 I 
Page C-41 1-1 AIRtSEARCH MANUFACTURING DIVISION 

10s Angeler Caldiirnia 



IO0 

90 

80 

70 
I 
CJ 
3 
0 

I 
I- * 
oc 60 

5 e 5 0  m 
I- 
z 
W 

cd 
W a 

v 40 

30 

20 

IO 

C 
0 50 100 150 200 250 300 350 400 4 5 0  500 

TIME, MIN 

A-220;91 

67-1751 
Page C-42 



0 0  0 0 0 0 0  0 0 0 0  0 0 O m Q . . O  N - 
0 0  0 0 0 0 0  0 0039 u cv - 
0 0  0 ocoaut 0 4  - 

SNOW I W ‘3UnSS3tId 

AIRESFARCH MANUFACTURING DIVISION 
Ids Angelrr Calilornir 

i 
P 

z 
Yz 
w 

h 
w 

I- 
r, 

i i  

67- I751 
Page C-43 





8,000 

6,000 

4,000 

2.. 000 

1,000 

800 

600 
0 

0 
H E 400 
-. 

W cc 
3 
In 
In w 
Q 
& 200 

I oc 
8C 

6C 

4c 

2c 

0 2 4 6 8 IO 

TIME, MIN 
A-16-4 

F i g u r e  C-45. Vacuum Desorption o f  COS! froin Linde 
Molecular Sieve, Type 5A, 1/16 in .  
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1.. 

i 
1 I N  E 1 

_ _ _  - 
-R ASG 8 x 3 8 1  - XOT CUR - ... 
TRI B 1 

- 1 M A I N  PROGRAM FOR COMBINED ADSORPTION/DE50RPTlON PROGRAM -- DEVELOPED 
1 BY K C HWANCr AIRESEARCH LOS ANGELES 
1 
1 COMMON /BLOK3/ W~21r41~rTG~41)tTS~4ll~TCt4l)lfX(4l)tCYC~~ 1 

- I-, __ FOR 59960 r 59960 . -  _ _  
c -- 

_ _  . - - _- 
. -  c 

C 

:.I- 

- 1  

C 
- .. 

.. 

- . 

. 

C 
- - . 
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CONT I N U F  
I F (  T IME oGE. CYCLE)  C A L L  PRADSB 
I F I  T IME o G E .  CYCLE) GO TO 9999 
ADT=DTMAX 
DO 60 N - l W N D X l  
ADTZ=WI 
I F I A D T 2 , L T .  ADT) ADT=ADTZ 
A D T Z = T I / ~ A D S ( T S l ( N ) - T S Z ( N t ) + l . E - 9 ) + D f  
I F ( A D T Z o L T .  A D T )  ADTzADTZ 
A D T 2 = T I / I A B S I l X l ( N ) - T X 2 ( N ) ) + 1 . E ’ 9 ) * D T  

/ ( A B S (  W I NDR4 t N ) - W S ( N  1 ) + 1 0 € - 9 i * D T -  

-L __- 
1 l F (ADT2 .LT .  ADT)  ADTxADT2 _ _ _  - - .  

CONTINUE 1 

CON1 I NUE 1 

DTO=DT 
DT=ADT . _  - -  . ________-_-__--~.-----...-.--l 1 

I F ( ( T I M E + D T )  .GTo CYCLE)  DT CYCLE-TIME 1 
- 1 PCO21 __ - . ___- - ._ _- --- - PCOZC 

CALL ADSORBlDT I 1 
DPCO2C = DTe lRCOZC - GHR* 

_. _____ 

1 I P C O Z I  -PK 1 1 I *44./ I PA+GMW l ~ l * 5 5 4 0 . * 5 3 ~ 0 0  I-( 44 e*- _____ 1- - 
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. . . .. 

2 1  -__ - -. . 

- - -. 

9999 
____ 

C 
C 
- I  

_. . 
FOR 59978  959978 
SUBROUTINE STARTA 

1 
1 

__ . . .. . 

10 

. . . . - . 

. 

. 

. .  

rig1 AIRESEARCH MANUFACTURING DIVISION 
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. . .  

- . 

. 

. . .. 

- I  

- - 

C 
C 
C 

.. . 

. - .. 
C 

1 

1 
1 

1 

C 
B(lrN)=C3(lrNl/C2(1*Nl 
DO 21 J=2rNDR - ._ ____ 1 

TO TEMPORARILY STORE SURFACE LOADING - - __-___ ______I--- 

. 
21 R ( JIN 1 =C3 t JrN ) / (CZ(JrN)-Cl I JrN 1*B( JLl t i  1 1  

N OX = ND X 1 -.I 

00 50 N=lrt4DX1 
__ - .c 

AIRESEARCH MANUFACTURING DIVISION 
LOS Angeles Caldornta 67-1751 1 

Page G-4 



- - 1 2  

111 

c. 
.. __ . . 

C 

- - ... 

." . 

23 

2 4  

__ - __ ___-- CON7 I NU€ '1 
GO TO 110  1 
00 1 1 2  N r  1 s  N D X l  1 
CS1 I N l = O *  
CS2 ( N EO. 
D S ( N  ) S O *  
T S I N I . i T 2 6 8  _ _  
T C I N  1 = T 2 6 8  
T X ( N l = T Z t 5 8  
T G I N l r T 2 6 8  
CONTINUE 
CONTINUE 1 

1 

1 

_. - . . - . - -- 
TO CALCULATE P A R T I A L  PRESSURE-@F-ADSORBATE I N  GAS STREAM 1 
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___. - - 
26 

C 
C 
C 
C 
C __ 

30 
C 
c .  
(- 

C 

T O  CALCULATE SORBENT LOAOING 1 

-- . . - . _  ~ _______________- . -__. -_- . - - - - -_-  
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1 
I. 
1 
1 

- A V H 2 O P * G M R ~ A V P H Z O + l B . / I P A a G M W 1  1.-.-.---...-- 
1 
1 

COHMON / B L O K 1 4 /  NCYCLE 

EOUIVALENCE(NDXoNDX1)  
AVPHZO = SUMPTM/TIME 

- -. D I M E N S I O N  A V L D ( 4 1 1  . .-I-. 
, I  

C 
T IMEMm60.*T I M E  

1 
L 

22 SUMMS=SUMMS+WIMR*N) 

2 0  CONTINUE 1 
DO 30 N= N l r N D X l  1 

- - -  SU MM 5 = 0.0 - - - -1 
S U M M S I S ~ M M S + O , ~ ~ ~ W I I V N ) ~ W ( N ~ R ~ * N ) )  i 
DO 3 3  N R = Z *  NOR3 1 

1 
A V L D ( N )  =SUMMS/NDR3 1 

30 CONTINUE 1 
SUM=Oe - _  - . 1 

1 
3 1  SUM= SUM+AVLD(N)*ABED(N)+DX*RHOSB(N) 1 

. _  - AVMSLD = SIJM/WTACMS - - - - - - _L 
SUN=O 1 
DO 3 2  N= N l t N D X l  1 

- A V L D t N  =SUHMS/tiDR3 

- - - - - - _ _  ____ ___ - _. .. - 33 SUYMS-SIJMMS+WlNR*N) . 
DO 7 1  N =  1 s  NOXMAC 

WRITE ( 6 ~ 2 0 5 )  AVMSLDI AVSCLD 
AVRCOZ=TOTCD2/TIME 
AVRt iZO=TOTHZO/TIME 
W R I T E l h * 2 0 4  1 AVRCO?rAVRt i?O 

2 0 6 )  hVPt I?Op  AVIl:OP 

1 

. .  
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1 C A L L  PRDESB 
NPR = 0 1 
GO TO 3 - _ .  . - -_ - 1 

1 
I F 1  TIME *CE*  CYCLE) GO TO 9999 1 

1 
1 

NPR = 0 
4 CONTINUE 

1 F l  TIME e L T * 0 * 5 E - 4 )  GO TO 3 1 

DO 60 N- l r  N D X l  1 
ADTZ=Wl 1 
I F I ADT 2, L T * 1 

1 
I F I A D T Z o L T *  ADT) ADTzADT2 1 

-.I_- . AOT2=T I / I  A B S ( T X 1  I N  ) -TX2 I N ) - t + l  .E-91*bT3 , _ _ _  - 1 
l F ( A 0 T Z e L T e  A Q T )  ADTrADTZ 1 

60 CONTINUE 1 

I------ 

. 
2 CALL PRDESB 

. ADT=DTMAX - -- - -_I.-- 1 
/ I  ABS( W I NOR4 *N I -WS I N )  1+1 *E-9)  * O f  
AD T I -AD T = A D 1  Z 

ADT2= T I / I  ABS 1 5 1  ( N  I - T S Z  f N 1 )+1 *E-9 i0-i' 

2 1  
I_ __. 

__ _. 

' 9999 

C 
C 
- T I  

- .  

C 

CON1 INUE 
TIMEsTIMf+DT 
NPR=NPR+1 
I F  (NPR .tE* NPRINT)  GO TO 2 
I F I T I M E  OGEI CYCLE) GO-TO 2 
GO TO 4 

- - - -. - -. - -. _- . -. 

CONTINUE 
R T  TURN 
I NII 

FOR 59988  r S 9 9 R R  
SUBROUTINE START 

1 
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1 SUM, 5 - 0 .  o 
S U M M S a S U H M S + 0 . 5 t ( W ( l t N ) + W ( N D R 4 1 N ) ~  1 
DO 3 3  N R = Z *  NDR3 _ _  _ _  __ -___ 1 

33 s u n M s = s u M n s + w ( m q N )  1 
AVLD1Nl rSUMMSINDR3 1 

1 
1 

3 0  C O N 1  INUE. . _ - . _ I - -  

SUMsOs 
DO 3 1  N*  I r  NOXMAC 1 

. . .. 

. 

-__ . .__ 

31 SUMS S U Y + A V L D l N ) * A B E O l N ) + D X ~ R H O S B ( N )  ._ _ .  _--- 1 
AVMSLD = SUM/WTACMS 1 
SUM-O. 1 
DO 32 N= N l r N D X l  . 1 

1 
1 

AVSGLD=SUM/WTSG 

1 ~ ~ W ( N R I N I ~ N R J ~ V N D R ~ ~  I . 1 
._ WRITE 1692051 AVMSLDI-AVSGCD -. 1 

AVRC02=TOTCOZ/TIME 1 
AVRHZO=TOTHZO/TIME 1 
W R I T E I b r Z 0 4 )  AVRCOZtAVRH20.  - -____ 
RE TURN 1 

C 1 

3 1  SUM : SUH+AVLD(N)+A.SED(N)rDX*RHOSRiN)  1 

___. - DO 10 N = l r N D X  ..- - _ _  - - 
10 WRITE 1 6 r 2 0 1 ) N t  A V L D l N t  1 '  

1 - 

. 100 FORMAT ( l H l r l 6 H D E S O R P T I O N  C Y C l E  1 3 1  I 
1 3 X t 5 H T I M E ~ * F 9 . 5 r l X 2 H H R t F l 2 ~ 3 * l X * ~ H M ~ N *  1 
1 5 X v 1 5 H T I M E  I N C R E % E N T = F 7 * 5 r l X 2 H H R )  1 

-- 101 FORMAT ( / / Z X 9 1 O H A X I A L  N O D E I ~ O X ~ ~ ~ H T O T A L  PRESStMMt -6X t14HGAS TEHPIDE -L 
1G Fs5X*19HSORBENT TEMP9 DEG F t Z X s 1 8 H G L Y C O L  TEMPI DEG F I ~ X I ~ ~ H H X  CO 1 
2RE TEMP* DEG F 1 1 

__ 102 F O R M A T l / ~ I 9 ~ 1 1 X * 5 ~ F 1 4 ~ 4 ~ 6 X l l )  1 
1 0 3  FORMAT ( /21HOCO2 DESORPTION RATE=F7;4 t lX5HLB/HR~5XIZDHH20 DESORPf I  1 

1 0 N  RATEsF7.4 t l X 5 H L Y / H R )  1 
- . 200 FORMAT ( l H 0 / 2 X t l O H A X I A L  N O D E I I ~ X I ~ H M O L E  FRAC*?X* -_  1. 

1 2 X * 1 3 H C 0 2  R A T E r M / H R v 6 X * 1 3 H H Z O  RATE+M/HR)  - 1  
2 0 1  F O R M A T ( / l I 9 ~ l l X ~ 3 ( 4 X ~ F l 2 . 6 * 4 X ~ ) )  1 

-- . . 202 FORMAT ( / /  3 IHOLOADING A T  I N T E R I O R .  OF-_SORBENT//4X t 4 H S z B / 4 X * 4 H N O D  1 
1 E t 3 X ~  3HAVC9 9 X *  1 
1 -  1 H l r 9 X i l H 2 t 9 X ~ 1 H 3 * 9 X ~ l H 4 t 9 X l l H b r 9 X s l H 7 t 9 X r  1 

1 
1 
1 

_ _  2 1 H R t 9 X t 1 H Q * A X * Z H I O *  __ __ -. - - 
2 8 X ~ Z H 1 1 / 6 H  A X I A L / 5 H  NODE) 

2 0 3  FORMAT ( 1 5 , 4 X * 1 2 ( F 6 * 4 t 4 X ) )  
____ -. 2 0 4  FORMATI /27HOTIME A V G  C02 DESORP-RATE = 1 

1 F8.49 6H LB/HR 910x1  1 
2 2 7 H  T I M E  AVG H2O DESORP RATE = ' 1  
3 F8.49 ?ti LB/HR I 1 

205 F O R M A T ( / / /  30H AVG CO2 LOADING IN-M.5 .  BED F B ~ ~ ~ ~ X , ~ H L B / L B * ~ X I  1 
1 3 0 H  AVG H2O LOADING I N  SsGe BED = F6.4, 6H LB/LB)  1 

___ _ - _  END . - . . __ _. _- . __ . .. . -1 
1 
1 

C 
C 

-- C - I_-_ .. - - -- 1 
- I  FOR 5 9 9 9 7 9 5 9 9 9 7  1 

SUBROUTINE TSORB I 
1 

~ H X G ~ ~ ~ ) ~ H X S ~ ~ ~ ~ ~ H X C ~ ~ ~ ~ * D I F ~ ~ ~ ) V F ~ ~ ~ ) ~ C ~ ~ ~ ) ~ V S ~ ~ ~ ~ D V S ~ ~ ~ ~ D ~ S ~ ~ ~ ~ * R  1 
251  12.41 ) vRHOS12)  r U G ( 4 1  t r W M (  2) t U C ( 4 1 )  v N D X M I P S ( ~ ~  ) r R H O S B ( 4 1 1  ~ D S ( 4 1 1 *  1 '  
3CS 1 L 4 1 ) 9 c 5 2  ( 4 1 1 * c 1 ( 2 1 * 41 1 *-cz ( 2 1 ? 4 1 1 * 0 1 e 2 1 * 4 11 9 D L . 3 1  L, P C 1 ! - U C L 1 4  I 
4 1 ~ r P C 3 ~ 4 1 ) r A S G ~ 4 1 ) r A S X ~ 4 l ) r A C X ( 4 1 ~ r C 1 P ~ 4 l ) ~ C 2 P ~ 4 l l r C 3 ~ ~ ~ l l ~ ~ l ~ ~ 4 ~ ~  1 

. _ _  - _- -- 

COMMON /BLOKl/ ABED( 4 1  ) t A (  41) ; AVC ( -41  1 r C P G ( 4 1  )-*RHOG(41)_*- 

-- 

AIRESEARCH MANUFACTURING DIVISION 
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1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 .  
1 
1 
1 

1 
1 

- - - _--- 
END 

C 
C 
C 
- T I  FOR 5 9 9 9 2 1 5 9 9 9 2  

C 
C I D = 2 r H 2 0  ON S I L I C A  GEL 

c - -  
C 
C TITEMP I N  DEG F 
C 
C 

..-----.- - .--- .- 

FUNCTION P K E O ( I D * W * T I  
--- PKEQ=EQUILIBRIUM PRESSUREIN MM HC 

I D = l r C O 2  ON MOLECULAR S I E V E  
WmLOADING I N  LB ADSORBATE PER-La ADSORBENT 

- - -. -. _. 

I F  ( W  .LE. 0 .  1 We 1.E-5 
GO TO ( l r 2 f r l D  _ _  -1 

1 PKEQ=EXP( -9166.%/ ( T4460. 1 + ~ 1 ~ 6 7 8 + A L O G ~ ' ~  t + 2 i  0 8 2 3 )  
RETURN 

1 
1 

1 +SLOG+21.08 . .- - 
_I_ -I_ 

PKEQ=EXP.tPl  I 
RETURN 

1 

1 
SUBROUTINE TGLCOL ( TCINDXMAX rUC ~ R H O C ~ C P C I C X I A X C I H X C I T ~ ~ ~ ~  T X ~ D X O D T I  _ _  - __ 1 

- 1  FOR S 9 9 R 7 r S 9 9 R 7  

67- I75 I AIRESEARCH MANUFACTURING DIVISION 
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1 
I. 
1 
1 
1 
1 
1 
1 

RE TURN _ -  - 
END 

_I- 

. I  
C 

C 
-1 I FOR 59981959981 

- c  - 

FUNC. T I ON 1 F N ( N * NDXM 1- ___-__ 
IFNn X 

- 
1FIN.GTmNDXM)IFN~Z 

1 

I 
1 

1 
1 
1 
1 
1 
1 

_-I_ - T X  . -  . FOR 59985 e59985 1 
1 

1 
1 

I_ - __ ___ - . VAR( NN ) =O( N N  I __ - -- 
DO 43 Jr29NN 
L=NPI+l-J 1 .  

- __ - 43 VARf L 1 = O l  L )-B(L 1 QVAR (L+lJ--  __ . _. ... -- 
R E  TURN 
END 

---c .-- . - - - -  - _ _  
C 
C 

SUBROUT I N E  FDEOI D (  C 1; C2 rC3 r D  r V A R  *NN-)-- 

DOUBLE PREC 1 SION_C~.,CZrC3*-D r_VL\R_t_B?Q-. - 
NNlSNN-1 

DIMENSION C l l l ~ r C 2 l l ~ r C 3 ~ l ~ r D ~ l l ~ V A R ~ l ~ ~ B ~ 3 O ~ r O ~ 3 ~ ~  1 
- 

B111=C311)/C211i 

4 1 8 I J ) =C 3 f J ) / f C2 I J i -Ci 
I DO 4 1  Js2rNNl 

. . - .  ._ . .- . .. . . 

67-1751 
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. . 
C 1 

1 
1 

SUBROUTINE LAGINZI IDVXINPVNDIXO,YO~Y) '  -- 1 
1 

DIMENSION X f 2 I  9 Y ( 2 )  1 
1 
1 I LO= 1 - __-_ -- .. 

fF(XO-XIl)IlOv16*4 I 

1 

C 
- c - - -  . --_ .. 

- 1  FOR 599961 59996 1 

C REVISED FOR FORTRAN I V  8 - 8 - 6 5 -  Sa WONG' - _.-- 
.- - 

' c  
. ---I 

I-._ - -- 

_.--- 4 IFIXO-X(NP))19+13*7 A 
10 IWI-iCO+l 1 

W R I T F .  ( 6 * 1 l  lD*XO 1 

7 ILO-MP-1 ._ 

1 
13 ILO=NP 1 

. -- - --___ GO TO 46 ___. -- 

I LO. I LO A 

- IFlXO-X(IL0)l25~16~22- ____ I- 1 1 

22 CONTINUE 

28 DO 4 3  I=3rND 

31 IFlIHI-NPl34r37~37 

I 

1 - 
1 
1 

- 1  
1 
1 

IF1 ILO-l)40t40r31 . ___ ____ ______ 
34 IF ~ ~ D ~ X O - X I I L O - ~ ~ - X ( I H I + ~ I )  3 7 ~ 3 7 ~ 4 0  - - _ _  - - _ -~ 37 ILO.IL0-1 -- 

GO TO 4 3  
* O  IHl=IHI+1 . .  

I--.----- 
1 
1 
1 
1 DO 49 I=ILO*IHI _- L .____-.._- 

1 49 PN=PN*lXO-XlIII 
1 DO 58 I=ILOIIHI 
1 DO 55 J~ILOIIH! 1 

IF(J-T)42r55*52 1 
1 
1 

1 
1 
1 

43 CONTINUE - _ _ _  - -  -- . - 
46 Y O t O . 0  

PNnl.0 
- I 

I_____ ______. PEPN/lXO-XlI)) __- 

.. -. - 52 P=P/(X(I)-X(JJ) - - - __ - _- - 
55 CONTINUE 

56 CONTINUE. _ _ _ _  . 
YOIYO+P*Y I I 1  1 

- I_.- 

RETURN 
1 FORMAT (97Xs7HLAGIN2 114rElZa5) 

-END - - - A. ____ _____ - 
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